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Cardiac morphogenesis and the maintenance of cardiac physiology require
complex and well-orchestrated cardiac transcription programs. Misregulation of cardiac
transcription programs leads to severe developmental defects, and is associated with
human congenital heart diseases (CHD). To better understand the transcription
program governing normal heart development, my research focused specifically on two
essential genes for vertebrate heart development: tbx20 that encodes a cardiac
transcription factor and rtf1 that encodes a multifunctional transcription regulatory
protein. First, I reported the identification of a zebrafish tbx20 null mutation that causes
severe cardiac progenitor defects, highlighting a previously unappreciated role for
Tbx20 in promoting vertebrate cardiogenesis. I also revealed a novel function of Tbx20
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in enhancing cardiomyocyte proliferation as a transcriptional activator. Second, I found
that loss of Rtf1, a RNA polymerase II associated factor 1 (PAF1C) complex
component, suppresses the cardiac transcription program and prevents the formation of
cardiac progenitors. I discovered that Rtf1 controls cardiac progenitor formation and
heart tube morphogenesis via two independent mechanisms: Rtf1 pushes multi-potent
mesodermal cells to a cardiac fate through activating the cardiac transcription program
and Rtf1 supports cardiomyocyte differentiation and heart tube morphogenesis by
modulating the epigenome. Lastly, I found that cardiomyocyte-specific ablation of rtf1 in
adult mouse heart leads to dilated cardiomyopathy and heart failure. Expression of
genes encoding lipid metabolism related proteins, myofibrillar proteins, mitochondrial
proteins and ion channels were significantly downregulated in rtf1-deficent hearts,
suggesting that Rtf1 is an important regulator of the cardiac gene program that
maintains myofibril integrity and cardiac function. Taken together, my studies provide
new insights into the regulation of cardiac transcription program in developing and
mature myocardium, and presents new candidate genes for CHD and cardiac
dysfunction in humans.
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Abstract: Cardiac transcription factors orchestrate the complex cellular and molecular events required
to produce a functioning heart. Misregulation of the cardiac transcription program leads to embryonic
developmental defects and is associated with human congenital heart diseases. Recent studies have
expanded our understanding of the regulation of cardiac gene expression at an additional layer,
involving the coordination of epigenetic and transcriptional regulators. In this review, we highlight
and discuss discoveries made possible by the genetic and embryological tools available in the
zebrafish model organism, with a focus on the novel functions of cardiac transcription factors and
epigenetic and transcriptional regulatory proteins during cardiogenesis.
Keywords: zebrafish; heart development; transcription factors; epigenetic regulators

1. Introduction
Cardiac morphogenesis and the maintenance of cardiac physiology require dynamic and carefully
coordinated transcription programs. Studies in pluripotent stem cells and multiple model organisms
have delineated critical signaling events involving Bmp, Fgf, Wnt, and Notch that induce the expression
of a set of cardiogenic transcription factors to drive cardiac specification and differentiation (for review
see [1–3]). Recent studies have revealed an additional layer of epigenetic regulation that contributes
to the tight temporal and spatial control of cardiac gene expression during development (for review
see [4–6]). Misregulation of cardiac transcription programs not only results in severe developmental
defects, but is also associated with many congenital heart diseases (CHD), the leading inborn cause of
mortality in infants. A deeper mechanistic understanding of the gene programs governing normal
heart development will provide insights into pathogenic events leading to CHD and may result in the
development of new therapeutic strategies.
Over the last two decades the zebrafish has emerged as a powerful model organism for studying
cardiac development. The mature zebrafish heart has a simplified structure, consisting of only
one atrial and one ventricular chamber. Despite its anatomical differences with the four-chambered
mammalian heart, the developmental mechanisms of zebrafish cardiogenesis closely parallel those of
other vertebrate animal models (Figure 1). Cardiac progenitors in zebrafish are descended from cells
located at the ventrolateral marginal region of the early blastula [7]. At the onset of gastrulation, these
mesodermal cells are among the first to involute and migrate toward the embryonic axis. The activation
of an evolutionarily conserved cardiac transcription program including GATA factors, Hand2, T-box
proteins, and Nkx2.5 specifies cardiac progenitors within the anterior lateral plate mesoderm (ALPM),
which subsequently migrate toward the midline of the embryo, turn on expression of cardiac sarcomere
proteins, and fuse to form a beating heart tube. As has been shown in mammals, the continued growth
and maturation of the zebrafish heart depend on the recruitment of additional cardiac progenitor
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is downregulated in zebrafish gata5/6 double morphants. Both excessive and reduced tmem88a
expression disrupt nkx2.5 expression in the ALPM, consistent with the biphasic function of Wnt
signaling in cardiac development and highlighting a dosage-sensitive requirement for Tmem88a [16].
Similarly, knockdown of Tmem88a during directed cardiac differentiation of human ES cells increases
Wnt/ -catenin signaling and results in a reduced number of cardiac progenitor cells [17], pointing to
a critical role of Tmem88a in mediating crosstalk between GATA factors and the Wnt signaling pathway.
2.2. Hand2 Regulates Cardiac Differentiation and Morphogenesis
Hand2 is a transcription factor of the basic-helix-loop-helix family whose expression domain
demarcates the heart forming region in the ALPM [18]. Forced expression of hand2 in early zebrafish
embryos promotes cardiac progenitor formation at the expense of the neighboring hematopoietic
and endothelial cell lineages, suggesting an early impact of hand2 on cardiac progenitor cell
formation. Interestingly, the initial specification of cardiac progenitor cells does not require Hand2
activity as nkx2.5-positive cardiac progenitor cells do emerge from the ALPM in hand2-deficient
embryos. However, hand2 deficient cardiac progenitor cells are much less efficient at generating
differentiated cardiomyocytes. As a result, hand2-deficient embryos have fewer cardiomyocytes and
these cardiomyocytes are not sufficient to support endocardial differentiation [18,19].
Myocardial precursor form polarized epithelia in zebrafish embryos following their specification
from the ALPM [20,21]. In hand2 mutants, these polarized myocardial precursors fail to migrate and
fuse at the midline, resulting in cardia bifida [22]. When transplanted into a wild-type host, hand2
mutant cardiomyocytes are able to migrate to the midline and integrate into the heart tube, suggesting
that the migration of cardiomyocytes is dependent on Hand2 function in their environment [23].
Fibronectin is a key component of the ECM surrounding the cardiac epithelium, and cardiac progenitor
migration is sensitive to its expression levels [20]. Interestingly, Fibronectin accumulation is increased
in hand2 mutants and decreased upon overexpression of Hand2 [21,23]. Reduction of Fibronectin levels
in hand2 mutants restored migration of cardiac progenitors to the midline [23], indicating that Hand2
promotes the migration and fusion of the cardiac epithelium by limiting Fibronectin deposition and
highlighting a mechanism by which a cardiac transcription factor prepares the embryonic environment
for normal cardiac morphogenesis.
2.3. Nkx2.5 Maintains Cardiac Chamber Identity
Nkx2.5 is a homeodomain transcription factor that is one of the earliest markers of the cardiac
lineage. Genetic studies in Drosophila, zebrafish, and mice have revealed divergent functions of Nkx2.5
during early heart development. In flies, Nkx2.5 activity is essential for cardiac specification, and
tinman/nkx2.5 mutants completely lack a dorsal vessel [24,25]. On the contrary, a heart tube forms
normally in nkx2.5-deficient zebrafish and mouse embryos, but the subsequent differentiation and
maturation of its chambers are impaired [26–28].
Loss-of-function of both Nkx2.5 and Nkx2.7, two zebrafish homologs of mammalian Nkx2.5 [29,30],
results in a dysmorphic heart tube with an oversized, hyperplastic atrial chamber and a small
ventricular chamber with a reduced number of cardiomyocytes [28,31]. In zebrafish, chamber-specific
gene programs are established after two days of development such that distinct sets of genes are
restricted to the atrium (i.e., amhc) and the ventricle (i.e., vmhc). Interestingly, amhc-positive cells
are observed outside of the atrium near the arterial pole of the nkx-deficient hearts, suggesting that
nkx genes are required for the maintenance of chamber identity [28,31]. Reintroduction of Nkx2.5
expression using a heat shock-inducible transgene during the time frame when cardiomyocytes
are differentiating restores normal chamber-specific cardiomyocyte production in nkx2.5 mutant
embryos, suggesting that early expression of Nkx2.5 may prime cardiomyocytes for their later
chamber identity [32]. Furthermore, the temporary overexpression of Nkx2.5 in nkx2.5 mutants
during embryonic stages permits normal cardiac function into adulthood, and demonstrates that in
contrast to the established ongoing requirement of nkx2.5 in mature cardiomyocytes of adult mice,
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Nkx2.5 is dispensable for adult zebrafish cardiac function [32]. Nevertheless, given the redundant roles
of nkx2.5 and nkx2.7 during early cardiac development [28,31], more study is required to determine
the full extent of nkx gene functions in the adult zebrafish heart.
2.4. Tbx20 Is Required for Cardiac Progenitor Formation
Tbx20 is an ancient T-box protein whose cardiac expression initiates at the time when cardiac
progenitor cells emerge from mesoderm and persists to adulthood [33–37]. In mice, Tbx20 overexpression
promotes cardiomyocyte proliferation whereas Tbx20 deficiency results in impaired cardiomyocyte
differentiation and cardiac developmental arrest after formation of the linear heart tube [38–42].
Ablation of Tbx20 activity in adult cardiomyocytes disrupts the structure of myofibrils and causes
arrhythmia in both Drosophila and mouse models [36,43], and mutations in tbx20 are associated with
diverse cardiac pathologies including cardiomyopathy in humans [43–49].
While Tbx20’s function in the regulation of cardiac chamber morphogenesis and the maintenance
of cardiac physiology and cellular structure appears to be conserved in all species examined, its
role in cardiac progenitor cell formation is still unclear. In flies, the cardiac progenitor population
is severely compromised when both tbx20 homologues are downregulated [50], but Tbx20 ablation
in mice does not impact the formation of the cardiac crescent and the primitive heart tube forms
in Xenopus and zebrafish tbx20 morphants [39–42,51,52]. This has led to the conclusion that Tbx20
activity is dispensable during early cardiogenesis in vertebrates. However, our recent discovery
that cardiac progenitor cells are diminished in zebrafish tbx20 null mutant embryos argues against
this hypothesis (Lu, Langenbacher and Chen, unpublished data). Further investigation is needed to
determine whether compensatory mechanisms exist in the mouse to allow cardiac crescent formation
in the absence of Tbx20 or if the zebrafish represents a transition state in the evolution of tbx20 gene
function in vertebrates.
3. Epigenetic and Transcriptional Regulators
The accessibility of regulatory DNA sequences to transcription factors and RNA polymerase II
is dynamically regulated by covalent histone modifications, DNA methylation, and ATP-dependent
chromatin remodeling. As a result, epigenetic regulation plays a critical role in driving cardiac gene
expression and cardiac fate specification. Furthermore, epigenetic regulators control the morphogenesis
and maturation of the heart. For example, loss of function of the Histone 3 Lysine 4 methyltransferases
Smyd3 and Setd7 in zebrafish embryos produces severe defects in cardiac chamber morphogenesis, and
Histone deacetylase activity controls valvulogenesis in zebrafish by promoting myocardial expression
of Bmp4 at the atrioventricular boundary [53,54]. Here we will focus on two complexes, BAF and
PAF1, which play a central role in transcriptional regulation of zebrafish cardiac development.
3.1. BAF Chromatin Remodeling Complex Induces a Cardiac Mesoderm Fate
The SWI/SNF (switching defective/sucrose non-fermenting) complex is an ATP-dependent
chromatin remodeling complex that was initially purified from yeast. Its vertebrate homolog, the BAF
(Brg1/Brm-associated factor) complex, contains 12 protein subunits including Baf60c/Smarcd3 and
Brg1/Smarca4. Many components of the BAF complex are significantly upregulated in patients with
hypertrophic cardiomyopathy [55–57] and are indirectly implicated in the pathogenesis of CHD [58,59].
The BAF complex regulates cardiogenesis by interacting with cardiac transcription factors like
Tbx1, Tbx5, Nkx2.5, and Gata4 [60–62]. Loss of function of Brg1/Smarca4 and Baf60c/Smarcd3 in
mouse embryos results in a wide range of congenital heart defects and the cardiac defects caused
by Brg1/Smarca4 haploinsufficiency are exacerbated in an Nkx2.5, Tbx20, or Tbx5 heterozygous
background, highlighting the genetic interaction between the BAF complex and the central members
of the cardiac transcription program [55,60,63].
In fish, loss of function of Smarca4 or Smarcd3 causes progressive morphological and functional
deterioration of the heart [61,63,64]. In addition, simultaneous overexpression of Gata5 and Smarcd3 in
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zebrafish embryos leads to expanded expression of cardiac genes and an enlarged heart [61]. Similarly,
Gata4/Smarcd3/Tbx5 expression promotes cardiomyocyte differentiation from non-cardiogenic
mesoderm in mice [65], suggesting that GATA factors and the BAF complex have a conserved and joint
role in promoting the cardiac gene program. Interestingly, when cells overexpressing both Gata5 and
Smarcd3 were transplanted to regions outside of the cardiac field of wild-type host zebrafish embryos,
they often contributed to the cardiac region of the ALPM and differentiated into cardiomyocytes,
endocardium, and smooth muscle [61]. These findings from the zebrafish model suggest that Gata5
and Smarcd3 can induce a cardiac fate in a cell regardless of its position within the embryo as well as
promote the differentiation of multiple cardiac lineages.
3.2. The PAF1 Complex Is Involved in Cardiac Progenitor Formation and Cardiomyocyte Differentiation
The Polymerase Associated Factor 1 complex (PAF1C) is an evolutionarily conserved protein
complex that accompanies RNA PolII through the entire open reading frame of transcribed genes
and regulates multiple transcriptional processes, including initiation, elongation, termination, 31 end
formation, and transcription-coupled histone modification (for review see [66]). The PAF1C consists of
five components: Leo1, Ctr9, Cdc73, Paf1, and Rtf1. Genetic studies have suggested a requirement
of PAF1C components in multiple biological processes including cell cycle regulation, somite and
neural crest development, and maintenance of stem cell pluripotency [67–70]. Loss of any one of
the PAF1C components results in abnormal heart development in zebrafish, but, interestingly, the
individual proteins of the PAF1C play distinct roles during cardiogenesis. Leo1 is required for chamber
morphogenesis and the differentiation of cardiomyocytes at the atrioventricular boundary of the heart,
while Ctr9, Cdc73, and Paf1 are required for generating an appropriate number of cardiomyocytes and
elongation of the heart tube [69,71]. Strikingly, loss of Rtf1 causes the most severe cardiac phenotype;
ablation of Rtf1 activity eliminates the cardiac progenitor population and abolishes heart formation [71].
Upon transplantation, rtf1-deficient donor cells do not contribute to the heart in wild type embryos,
while wild-type donor cells are able to form cardiomyocytes in rtf1-deficient embryos, indicating that
Rtf1 regulates cardiac development in a cell autonomous manner [71]. It is currently not known how
individual components of the PAF1C assume different roles in cardiogenesis or why Rtf1 deficiency
causes such a dramatic effect on heart formation. Given the multifunctional role that the PAF1C plays
in transcription regulation, one possible explanation is that PAF1C members differentially regulate
a transcriptional event critical for cardiogenesis. Alternatively, it is intriguing to note that Rtf1 is loosely
associated with the PAF1C in metazoans and that PAF1C-independent regulation of transcriptional
elongation by Rtf1 has been observed in fission yeast and HeLa cells [71–77]. Continued study is
essential to clarify the biological significance of individual PAF1C components and provide insights
into their regulation of the cardiac transcription program.
4. Summary
A multitude of novel findings in zebrafish have helped to identify the critical mechanisms
by which cardiac transcription factors, chromatin remodeling proteins, and general transcriptional
regulators shape the developing heart and demonstrate the power of using zebrafish as a model to
increase our knowledge about cardiogenesis. A deeper understanding of the steps of cardiogenesis is
critical for deciphering the molecular mechanisms underlying congenital heart defects and developing
novel regenerative therapies for cardiovascular disease.
Unlike mammalian hearts, the zebrafish heart shows robust regenerative capabilities and
can restore a fully functional heart even after severe injury. Following ventricular resection, new
cardiomyocytes regenerate via the de-differentiation and proliferation of existing cardiomyocytes [78],
and recent studies highlight the reactivation and function of embryonic cardiac gene programs during
regeneration. Cardiomyocytes throughout the subepicardial ventricular layer trigger expression of
gata4 before beginning to proliferate and contribute to heart regeneration [79,80]. Increased expression
of hand2, nkx2.5, tbx5, and tbx20 has been observed in the myocardium surrounding sites of injury, and
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higher levels of gata5 and hand2 expression were also detected within the injury site endocardium [81–83].
Strikingly, overexpression of Hand2 in adult zebrafish cardiomyocytes augments their proliferative
and regenerative capacity [81]. Future studies exploring the functions of cardiac transcription factors,
chromatin remodeling proteins, and general transcriptional regulators after injury may also lead to
new therapies for cardiac regeneration and repair.
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Tbx20 drives cardiac progenitor formation and
cardiomyocyte proliferation in zebrafish
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A. ABSTRACT
Tbx20 is a T-box transcription factor that plays essential roles in the development
and maintenance of the heart. Although it is expressed by cardiac progenitors in all
species examined, an involvement of Tbx20 in cardiac progenitor formation in
vertebrates has not been previously described. Here we report the identification of a
zebrafish tbx20 mutation that results in an inactive, truncated protein lacking any
function domains. The number of cardiac progenitors is strongly diminished in this
mutant, leading to the formation of a small, stretched-out heart. We found that
overexpression of Tbx20 results in an enlarged heart with significantly more
cardiomyocytes. Interestingly, this increase in cell number is caused by both enhanced
cardiac progenitor cell formation and the proliferation of differentiated cardiomyocytes,
and is dependent upon the activity of Tbx20’s T-box and transcription activation
domains. Together, our findings highlight a previously unappreciated role for Tbx20 in
promoting cardiac progenitor formation in vertebrates and reveal a novel function for its
activation domain in cardiac cell proliferation during embryogenesis.

B. INTRODUCTION
The T-box transcription factor Tbx20 is a central regulator of the gene programs
that maintain cardiomyocyte structure and function. Ablation of Tbx20 activity in the
adult myocardium of both flies and mice results in the downregulation of genes
encoding cardiac transcription factors, myofibrillar proteins and ion channels, leading to
a range of cardiac functional defects including arrhythmia [1, 2]. Similarly, dysregulation
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of Tbx20 (both loss- and gain-of-function) is associated with diverse cardiac pathologies
including arrhythmia and cardiomyopathy in humans [1, 3-9].
The cardiac expression of Tbx20 is initiated in the heart-forming region at the
earliest stages during heart development [10-13]. Nmr1 and nmr2 are two Tbx20
homologs in Drosophila whose expression is detected bilaterally in the cardiac
progenitors [11, 14]. Flies deficient in both nmr1 and nmr2 lack lbe-positive cardiac
progenitors whereas overexpression of Nmr/Tbx20 expands the cardiac progenitor
population, indicating a critical requirement for nmr/tbx20 in the formation of cardiac
progenitors [14]. In mouse embryos, tbx20 expression is present in the cardiogenic
mesoderm at E7.5, and persists throughout heart development [12]. Overexpression of
Tbx20 in the developing mouse heart increases cardiomyocyte proliferation and
thickens the compact myocardium [15]. However, unlike what has been observed in
flies, mice lacking Tbx20 activity have normal patterning of the cardiac crescent and
linear heart tube, but the heart tube fails to loop and displays defects in cardiomyocyte
proliferation and AV canal differentiation [16-19]. Knockdown of Tbx20 in fish and
Xenopus also results in a linear heart tube with defects in looping and chamber
remodeling [20, 21]. These observations have led to the thought that Tbx20 activity is
dispensable for the production of cardiac progenitors in vertebrates.
In this study, we report the identification of a zebrafish tbx20 null mutation that
causes a severe cardiac progenitor deficit, highlighting an early requirement of Tbx20
during vertebrate cardiogenesis. We found that Tbx20 overexpression prior to
cardiogenesis potentiates the expression of cardiac transcription factors and expands
the cardiac progenitor population, leading to an enlarged heart with significantly more
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cardiomyocytes. Remarkably, forced expression of Tbx20 in committed cardiomyocytes
also causes cardiac hyperplasia, indicating that tbx20 can further promote
cardiomyocyte production after the cardiomyocytes have been specified. Furthermore,
our structure-function study revealed that the cardiac expansion induced by Tbx20
overexpression requires its T-box DNA binding and transcription activation domains.
These results highlight the important role of Tbx20 in promoting cardiac progenitor cell
formation and cardiomyocyte proliferation and suggest that Tbx20 may enhance
cardiomyocyte production as a transcriptional activator.

C. RESULTS
Identification of a zebrafish mutant with severe defects in cardiac progenitor cell
formation
In search of genes critical for early cardiogenesis, we performed an N-ethyl-Nnitrosourea (ENU) mutagenesis screen. Zebrafish mutant LA1110 was identified in this
screen based on its severe cardiac defects. In zebrafish, a primitive heart tube capable
of propelling circulation through the body has formed by 26 hours post fertilization (hpf).
However, no beating structure can be detected in LA1110 mutants (Fig 2-1A-D).
Consequently, blood circulation cannot be established in LA1110 embryos even though
the vascular system is normally patterned (Fig 2-1E and F).
Gene expression analysis showed that the cardiac defects of LA1110 occur at
the onset of cardiac progenitor cell formation. Nkx2.5 and mef2ca are two transcription
factors whose cardiac expression initiates as early as the time when cardiac progenitor
cells emerge from the anterior lateral plate mesoderm (ALPM). The expression of
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nkx2.5 and mef2ca is markedly downregulated in LA1110 mutants at the 10-somite
stage, indicating an early loss of cardiac progenitor cells in LA1110 (Fig 2-2A-D). As a
result, only two small patches of myl7-positive cardiomyocytes were observed in
LA1110 at the 16-somite stage (Fig 2-2E and F). Interestingly, despite being severely
reduced in number, the remaining cardiomyocytes migrate to and fuse at the midline
(Fig 2-2G and H) and form a linear heart tube on time (Fig 2-1C and D), indicating that
LA1110 is required for the formation of cardiac progenitor cells, but is dispensable for
early cardiac morphogenetic processes like migration, fusion and heart tube elongation.

LA1110 carries a nonsense mutation in Tbx20
Linkage analysis placed the LA1110 mutation on Chromosome 16 approximately
0.8 cM from marker Z8731 (Fig 2-3A). This marker is in close proximity to tbx20, one of
the earliest genes expressed in the heart-forming region. In 10-somite stage zebrafish
embryos, the expression of tbx20 is noted as two bilateral stripes within the ALPM,
which encompasses the heart primordia (Fig 2-3D). The expression of tbx20 persists in
the heart as cardiomyocytes migrate toward the midline, form the primitive heart tube
and further differentiate into two distinct chambers [10, 11] (Fig 2-3F,H and J), making it
a good candidate gene for the LA1110 lesion. Supporting this hypothesis, we found a C
to T transition at nucleotide 379 of tbx20 in LA1110, producing a premature stop codon
and a truncated peptide lacking the C-terminal transcription activation and repression
domains and the majority of the T-box domain (Fig 2-3B,C). In addition, tbx20
transcripts were markedly reduced in LA1110 embryos at all stages examined (Fig 2-
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3E,G, I and K), likely due to RNA degradation via the nonsense-mediated decay
mechanism.

Overexpression of Tbx20 restores cardiac progenitor cells in tbx20LA1110 embryos
To determine the causative relationship between LA1110’s cardiac defects and
tbx20 deficiency, we examined whether replenishing Tbx20 expression could restore
the cardiac progenitor cell population in LA1110 embryos. Surprisingly, zebrafish
embryos injected with tbx20 RNA displayed gastrulation defects leading to early
lethality, which prevented further analysis (data not shown). To circumvent this problem,
we fused the coding region of tbx20 with the ligand-binding domain of glucocorticoid
receptor (GR) [20]. The Tbx20-GR fusion protein is sequestered in the cytoplasm, but is
translocated into the nucleus upon dexamethasone (DXS) induction (Fig 2-4A) [22, 23].
We injected tbx20-GR RNA into embryos collected from tbx20LA1110 heterozygous
crosses. As expected, in the absence of DXS, a quarter of the injected embryos showed
a characteristic tbx20LA1110 cardiac phenotype whereas the other three quarters of
embryos developed normally and did not exhibit obvious morphological defects (data
not shown). We next administered DXS at the 90% epiboly stage (9hpf) to induce Tbx20
nuclear translocation and observed an expansion of myl7 expression in tbx20LA1110
homozygous embryos (confirmed by genotyping) at the 16-somite stage (Fig 2-4B-D),
demonstrating the ability of Tbx20 overexpression to partially rescue cardiac progenitor
formation in LA1110.
To ensure stable and persistent tbx20 expression, we generated the
hsp70l:Gal4-Tbx20-UAS-mCherry transgene (hereafter referred to as hsp70l:Tbx20) in
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which tbx20 and mCherry expression is controlled by the hsp70l heat shock promoterdriven expression of Gal4 (Fig 2-4E). We crossed tbx20LA1110 into the hsp70l:Tbx20
background and induced the production of Gal4 at the dome stage (4.3hpf) by heat
shock. Significant mCherry fluorescence was noted in tbx20LA1110; hsp70l:Tbx20
embryos four hours after heat shock and increased Tbx20 expression was confirmed by
in situ hybridization and quantitative RT-PCR analyses (data not shown). Similar to what
was observed in tbx20-GR injected tbx20LA1110 embryos, an increased number of myl7positive cardiomyocytes was apparent in tbx20LA1110; hsp70l:Tbx20 embryos (confirmed
by genotyping) at the 16-somite stage (Fig 2-4F-H). More intriguingly, heat-treatment of
tbx20LA1110; hsp70l:Tbx20 induced the formation of a beating heart with an expanded
myl7-positive population after two days of development compared to untreated mutant
siblings (Fig 2-4I-K).
In addition, we tested whether the truncated Tbx20LA1110 protein might function as
a dominant negative form of Tbx20. We injected Tbx20LA1110-GR RNA into wild type and
tbx20LA1110 embryos and induced its nuclear translocation by DXS. We did not observe
signs of altered myl7 expression or gross morphological defects in Tbx20LA1110-GRoverexpressing wild type embryos, nor did we detect increased cardiac progenitor cell
production in Tbx20LA1110-GR-overexpressing tbx20LA1110 mutants (data not shown).
These findings suggest that the truncated Tbx20LA1110 protein is not functional nor does
it harbor a dominant-negative effect.

Tbx20 expands the cardiac progenitor population and promotes cardiomyocyte
proliferation
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Given the ability of Tbx20 overexpression to restore cardiac progenitor formation
in tbx20LA1110 mutants, we wondered if overexpression of Tbx20 in wild type embryos
could similarly promote the production of cardiomyocytes. We examined heat-treated
hsp70l:Tbx20 embryos using in situ hybridization and found that the expression of
nkx2.5 and mef2ca was elevated (Fig 2-5A-D), indicating that overexpression of Tbx20
is sufficient to promote the formation of cardiac progenitor cells. Since expansion of the
cardiac domain can occur at the expense of neighboring lineages within the ALPM [24],
we examined the expression of scl and kdrl, markers of the hematopoietic and
endothelial lineages that define the rostral boundary of the cardiac field. The expression
domains and levels of scl (Fig 2-5E,F) and kdrl (not shown) were similar between wild
type and Tbx20-overexpressing embryos, suggesting that Tbx20 overexpression in
zebrafish promotes cardiac progenitor formation without affecting other ALPM lineages.
We also examined whether the increase in nkx2.5 and mef2ca expression
translated into an increased production of cardiomyocytes. We noted that heat-induced
hsp70l:Tbx20 embryos exhibited enhanced myl7 expression at the 16-somite stage (Fig
2-5G,H), and had a 54% increase in the number of myl7-positive cardiomyocytes at 40
hpf (237.0±15.7 in non-transgenic embryos, n=8 vs. 364.3±45.6 in transgenic embryos,
n=10, p<0.001) (Fig 2-5I-K). To assess the impact of Tbx20 on cardiomyocyte
proliferation, we incubated embryos with BrdU from 24 hpf to 40 hpf. The heat-treated
hsp70l:Tbx20 embryos showed a 40% increase in BrdU-positive cardiomyocytes
compared to control embryos (32.5±6.2% of cardiomyocytes are BrdU-positive in
hsp70l:Tbx20 embryos vs. 22.5±4.5% in non-transgenic embryos, n=7, p<0.01) (Fig 2-
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5L). These findings indicate that Tbx20 increases cardiac cell numbers through both
enhancing cardiac progenitor formation and cardiomyocyte proliferation.

Cardiomyocyte-specific overexpression of Tbx20 enhances cardiomyocyte
production
Our BrdU experiments suggested that global Tbx20 overexpression can increase
the proliferation of cardiomyocytes in the developing heart tube. To investigate the
effect of Tbx20 specifically in differentiated cardiomyocytes, we generated the
myl7:Gal4EcR-Tbx20-UAS-mCherry construct (hereafter referred to as myl7:Tbx20) in
which Tbx20 and mCherry expression is regulated by the Gal4-ecdysone receptor
fusion protein (Gal4-EcR) specifically in myl7-positive cardiomyocytes. In the absence
of tebufenozide (TBF), Gal4-EcR is inactive and the expression of Tbx20 and mCherry
is not induced. Upon TBF treatment, the activated Gal4-EcR binds to the UAS and
drives Tbx20 and mCherry expression [25] (Fig 2-6A). We injected myl7:Tbx20 DNA
into myl7:nucGFP embryos and treated these embryos with TBF at the 16-somite stage
when the myl7 promoter drives strong cardiomyocyte-specific gene expression. There
was no difference in cardiomyocyte cell number between control and myl7:Tbx20
embryos in the absence of TBF (362.8±13.1 in control embryos vs 378.5±19.2 in nontreated myl7:Tbx20 embryos, n=6; p>0.05) (Fig 2-6B, C and E). Interestingly, TBFtreated myl7:Tbx20 embryos had a significant 14% increase in cardiomyocytes at 2 dpf
compared to uninjected control embryos (362.8±13.1 in TBF-treated controls vs.
441.5±35.3 in TBF-treated myl7:Tbx20 embryos, n=6, p<0.001) (Fig 2-6B, D and E).
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These findings suggest that Tbx20 is able to cell autonomously promote cardiomyocyte
production even after these cells have committed to a cardiac fate.

Tbx20 promotes cardiac expansion primarily through its transcriptional activation
activity
Tbx20 activates and represses the expression of its downstream targets via
complex and context-dependent mechanisms [16, 19, 26-29]. To investigate the
mechanisms by which Tbx20 executes its cardiac expansion effect, we performed a
structure-function analysis to examine the requirements of its T-box and transactivation
domains. Tbx20-Δtbx-GR is a Tbx20-GR fusion protein that lacks the entire T-box
domain whereas Tbx20-Δact-GR carries an 86 amino acid internal deletion in the
predicted transcription activation domain (Fig 2-7A). We injected Tbx20-GR, Tbx20Δtbx-GR and Tbx20-Δact-GR mRNA into myl7:nucGFP embryos and treated these
embryos with DXS at the 90% epiboly stage to stimulate nuclear translocation of the
fusion proteins. Tbx20-GR-injected embryos treated with DXS had significantly more
cardiomyocytes at 40hpf (292.8±30.1 in DXS-treated control embryos vs. 349.8±34.7 in
tbx20-GR injected embryos, n=6, p<0.05) (Fig 2-7B-D). However, Tbx20-Δtbx-GR
mRNA did not enhance cardiomyocyte production (296.7.3±20.4 in DXS-treated control
embryos vs 279.2±11.3 in DXS-treated Tbx20-Δtbx-GR-injected embryos, n=6, p>0.05)
(Fig 2-7E-G), demonstrating that the T-box domain is required for Tbx20’s cardiac
expansion activity. Similarly, overexpression of Tbx20-Δact-GR did not produce
excessive cardiomyocytes (282.3±25.8 in DXS-treated control embryos vs. 298.2±33.8
in DXS-treated Tbx20-Δact-GR-injected embryos, n=6, p>0.05) (Fig 2-7H-J),
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demonstrating that Tbx20’s transactivation domain is also essential for its
cardiomyocyte expansion activity.
We reasoned that if Tbx20 drives cardiogenesis mainly as a transcriptional
activator, overexpression of TbxVP16-GR, a chimeric protein consisting of Tbx20’s Nterminal 292 amino acids (including the T-box domain) and the VP16 activation domain,
should mimic the effects of Tbx20-GR mRNA. Indeed, direct cell counting indicated a
23% increase in the number of cardiomyocytes in tbxVP16-GR-injected embryos at
40hpf (319.2±21.8 in DXS-treated control embryos vs. 391.5±44.4 in DXS-treated
TbxVP16-GR-injected embryos, n=6, p<0.01), an increase comparable to that observed
in Tbx20-GR-overexpressing embryos (Fig 2-7K-M). Together these findings
demonstrate that Tbx20’s ability to promote cardiac expansion is mediated by its
transcriptional activation activity.

D. Discussion
Involvement of Tbx20 in cardiac progenitor formation
The differentiation of multi-potent mesodermal cells to a cardiac fate is
orchestrated by various signaling events and the cardiac transcriptional program (for
review see [30-32]). In this study we showed that Tbx20 is a critical component of the
cardiac transcriptional program that drives the formation of cardiac progenitor cells.
Loss of Tbx20 activity leads to a dramatic down-regulation of the early cardiac
transcription factors nkx2.5 and mef2ca, and a concomitant reduction in cardiac
progenitor cell formation in zebrafish. As a result, tbx20-deficient embryos have a
hypoplastic heart. Conversely, Tbx20 overexpression increases nkx2.5 and mef2ca
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expression in the heart-forming region and promotes cardiomyocyte proliferation,
leading to the development of an enlarged heart with more cardiomyocytes. This early
requirement for Tbx20 activity in zebrafish cardiogenesis strongly resembles the
reported roles of the Tbx20 homologs nmr1 and nmr2 in Drosophila cardiogenesis.
Nmr/Tbx20 activity is needed for the formation of cardioblasts in flies [14], suggesting
that Tbx20 may be a member of a conserved gene program that defines the cardiac
population in both invertebrates and vertebrates.
The cardiac defects we observed in the zebrafish tbx20 mutant, LA1110, are
significantly more severe than the phenotypes reported in previous studies on zebrafish
and Xenopus that utilized morpholino knockdown approaches [20, 21]. Transcripts of
tbx20LA1110 are unstable and encode a truncated protein lacking all functional domains,
leading us to hypothesize that tbx20LA1110 represents a null allele. If low levels of Tbx20
activity are sufficient for cardiac progenitor specification, then this difference in
methodology could explain our novel findings. The reported mouse tbx20 knockout
models represent null alleles but form a relatively normal cardiac crescent [16-18]. It is
possible that Tbx20 is not required for the earliest steps of heart formation in the mouse,
and has functionally diverged from the ancestral role it plays in Drosophila and
zebrafish. Alternatively, compensatory mechanisms or redundancies may exist in the
mouse that enables the formation of cardiac progenitors even in the absence of Tbx20
activity. For example, other transcription factors, including T-box family members, may
activate the target genes that are Tbx20-dependent in zebrafish. Further investigation in
several model organisms is needed to determine if Tbx20’s regulatory targets differ
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among vertebrates, and identify any compensatory mechanisms that may have evolved
to promote cardiac progenitor formation in Tbx20’s absence.

Tbx20 activity is dispensable for heart tube morphogenesis
Despite the severe defect in cardiomyocyte production present in tbx20-deficient
zebrafish embryos, the remaining cardiomyocytes are able to migrate and fuse medially
to form the cardiac cone, which later elongates into a linear heart tube within the same
timeframe as their wild type siblings. Thus, Tbx20 activity is dispensable for
cardiomyocyte migration and primitive heart tube elongation in zebrafish. These findings
also argue that the threshold of the number of cardiomyocytes needed to drive
formation of the cardiac cone and linear heart tube during heart morphogenesis is
relatively low. Combining the loss of Tbx20 with that of other factors involved in cardiac
progenitor formation may help to clarify how the loss of cardiomyocytes affects the
completion or timing of major cardiac developmental events.

Tbx20 regulates cardiomyocyte proliferation
Tbx20 overexpression promotes the proliferation of differentiated embryonic
cardiomyocytes in the heart tube between 24 and 40 hpf, resulting in an enlarged heart
with significantly more cells. These findings are in line with previous in vitro studies on
neonatal rat cardiomyocytes and in vivo studies on mouse fetal hearts showing that
Tbx20 overexpression increases cardiomyocyte proliferation and thickens the compact
myocardium [15, 33]. While mammalian cardiomyocytes cease to proliferate soon after
birth, Tbx20 overexpression is able to induce cardiomyocyte proliferation in adult mouse
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hearts and leads to the generation of new cardiomyocytes and improved cardiac repair
after myocardial infarction [27, 33]. Tbx20’s potent ability to induce cardiomyocyte
proliferation in multiple models, along with the finding that Tbx20 expression is
reactivated in the regenerating adult zebrafish heart following injury [24, 34], point to the
intriguing possibility of utilizing Tbx20 activation as a therapeutic strategy for cardiac
repair.
Using a domain dissection approach, we showed that the cardiac expansion
effect of Tbx20 in embryonic zebrafish is dependent on its T-box and transcription
activation domains. Overexpression of a transactivation-deficient form of Tbx20 (Tbx20Δact) failed to increase cardiomyocyte production, while overexpression of a TbxVP16
fusion protein composed of the N-terminal portion of Tbx20 and the VP16 activation
domain mimicked the effect of wild type Tbx20 and promoted a significant increase in
cardiomyocyte number. This suggests that Tbx20 may promote cardiomyocyte
production during early zebrafish cardiogenesis by transcriptional activation of its target
genes. Previous studies have identified a number of cardiac factors that are activated
directly by Tbx20, including nkx2.5, mef2c, and fgf10 [19]. Whether these direct targets,
along with the pathways they regulate, are mediators of the cardiac expansion activity of
Tbx20 in embryonic zebrafish will require further examination. Interestingly, Tbx20 has
been shown to regulate adult mouse cardiomyocyte proliferation by directly repressing
cell cycle inhibitors [27], suggesting that the mechanisms by which Tbx20 regulates its
direct and downstream targets during development are context and stage-dependent.
Future genome-wide analyses will help to reveal the complement of binding partners
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and gene targets involved in Tbx20-mediated cardiac expansion during zebrafish
cardiogenesis.

E. Materials and methods
Zebrafish husbandry and transgenesis
Zebrafish colonies were cared for and bred under standard conditions [35].
Developmental stages of zebrafish embryos were determined using standard
morphological features of fish raised at 28.5 °C [35]. The hsp70l:Gal4-Tbx20-UASmCherry and myl7:Gal4EcR-Tbx20-UAS-mCherry transgenic constructs were created
using the Tol2 kit [36].

Positional Cloning
LA1110 was crossed to the polymorphic WIK strain for mapping. Embryo lysis
and PCR-based bulk segregant analysis were performed as previously described
[37].Total RNA was isolated from 1 day post fertilization (dpf) LA1110 homozygous
embryos using RNA Wiz (Ambion, TX) and cDNA was synthesized using the
Superscript II Kit (Invitrogen). Tbx20 cDNA fragments were amplified with Phusion
polymerase (New England BioLabs, MA) and cloned into pCR-Blunt II-TOPO
(Invitrogen) and sequenced.

Whole mount in situ hybridization
Embryos for in situ hybridization were raised in embryo medium supplemented
with 0.2 mM 1-phenyl-2-thiourea to maintain optical transparency [35]. Whole-mount in
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situ hybridization was performed as described previously [38]. The antisense RNA
probes used in this study include myl7, nkx2.5, mef2ca, tbx20 and scl.

Constructs
Full-length cDNA for tbx20WT and tbx20LA1110 was amplified from 1dpf embryos
cDNA using KOD polymerase (Novagen) and fused to the glucocorticoid receptor ligand
binding domain (GR) (kindly provided by Dr. David Kimelman). Tbx20-GR and
tbx20LA1110-GR were cloned into pCS2 + 3XFLAG for tagging with the FLAG epitopes.
Plasmids were cut with NotI and SP6 RNA polymerase was used to generate mRNA for
injection. We generated Tbx20-Δtbx-GR and Tbx20-Δact-GR constructs by deleting the
entire T-box DNA binding domain (amino acids 97-292) of Tbx20 and deleting part of
the presumptive transcription activation domain (amino acids 293-378) of Tbx20. We
created the TbxVP16-GR construct by replacing the whole C-terminus of Tbx20 (amino
acid 293-446) with the VP16 coding region. We confirmed that all proteins are stably
expressed by Western blotting analysis.
For the rescue experiments, 100pg of tbx20-GR or tbx20LA1110-GR mRNA was
injected into one-cell stage zebrafish embryos collected from tbx20 heterozygous
crosses, and 100µM dexamethasone was added to activate the GR protein at the 90%
epiboly stage. The embryos were fixed at the 16S stage for in situ hybridization followed
by genotyping. Genotyping of tbx20LA1110 embryos was performed using two PCR
primers that amplify a fragment of tbx20 that spans the nonsense mutation. The PCR
products were then purified and sequenced. Primers used were 5’GTGGGGTTGTCCTTAACTTAGG -3’ and 5’- AGGTAAAGGTGGATCTGCCTTTC -3’.
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For the overexpression experiments, 100pg of each mRNA (tbx20-GR, Tbx20Δtbx-GR, Tbx20-Δact-GR or TbxVP16-GR) was injected into one-cell stage
myl7:nucGFP embryos. 100µM dexamethasone was added to activate the GR protein
at the 90% epiboly stage, while control embryos (uninjected) were treated in parallel
with an equivalent dosage of dexamethasone.

Tbx20 induction
The hsp70l:tbx20; tbx20LA1110 and hsp70l:tbx20; myl7:nucGFP embryos were
exposed to 38.5°C for one hour at the dome stage. Embryos were fixed at 10S and 16S
for gene expression analysis or at 40hpf for cell counting.
The myl7:Gal4EcR-Tbx20-UAS-mCherry transgene was injected into
myl7:nucGFP embryos at the one-cell stage. 1µM TBF was added to the embryo media
at the 16-somite stage to induce the production of Tbx20. The number of
cardiomyocytes was measured at 2dpf.

Imaging and cardiomyocyte cell counting
Tg(myl7:nucGFP) embryos were used to facilitate cardiomyocyte cell counting
[39]. The Tg(myl7:nucGFP) fish line was kindly provided by Dr. John Mably. Embryos
were embedded in 1% low-melt agarose and imaged on a Zeiss LSM510 confocal
microscope equipped with a 20X water objective. The number of green fluorescent
nuclei was measured using ImageJ.

BrdU incorporation and immunostaining
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Embryos were exposed to BrdU from 24-40 hpf (5 mg/mL) and fixed at 40hpf
with 4% paraformaldehyde/PBS solution overnight at 4°C. Fixed embryos were rinsed
with PBTX and acid treated (2N HCl for 30min at room temperature) before primary
antibody incubation (rat anti-BrdU, Abcam). Anti-rat IgG-Alexa Fluor 647-conjugated
antibody was used as the secondary antibody (Invitrogen). BrdU staining was imaged
on a Zeiss LSM510 confocal microscope and BrdU and myl7-positive nuclei were
counted using ImageJ.

Statistics
All values are expressed as mean ± SD. Significance values were calculated
using an unpaired Student's t-test.
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Fig 2-1. LA1110 mutants exhibit a reduction in cardiomyocyte cell number. (A and
B) Lateral views of 26hpf wild type (A) and LA1110 mutant (B) embryos. LA1110 mutant
embryos exhibit a slight pericardial edema. (C and D) Tbx20 mutant embryos form a
thinner and smaller heart tube (D) compared with that of wild type siblings (C). (E and F)
Both wild type (E) and LA1110 (F) embryos have normally patterned vascular structures
at 30hpf based on the endothelial cell-specific expression of kdrl promoter-driver GFP. 	
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Fig 2-2. The LA1110 gene is required for cardiac progenitor formation. (A-H)
Dorsal views of nkx2.5 (A and B), mef2ca (C and D) and myl7 (E-H) expression in wild
type and LA1110 mutant embryos. In wild type embryos, expression of nkx2.5 (A) and
mef2ca (C) are detected in the cardiac progenitors within the ALPM at the 10-somite
stage. These cells then differentiate into myl7-expressing cardiomyocytes by the 16somite stage (E), and then migrate toward the midline to form a cardiac cone (G). In
LA1110 mutant embryos, expression of nkx2.5 (B) and mef2ca (D) are strongly
reduced. Even though the expression of myl7 is far lower (F), the myl7-expressing
cardiomyocytes in LA1110 mutant embryos migrate to the midline and form the cardiac
cone at the 20-somite stage (H).
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Fig 2-3. Positional cloning of the tbx20LA1110 mutant. (A) Diagram showing the
location of the LA1110 locus with respect to markers on Chromosome 16. (B)
Sequencing of the tbx20 locus in wild type and LA1110 mutant embryos identified a C to
T transition, resulting in a premature stop codon (*). (C) Schematic diagram of the
Tbx20WT and Tbx20LA1110 proteins. Zebrafish Tbx20WT contains a N-terminal domain (N,
white), a T-box domain (T-box, blue), and predicted transactivation and transrepression
domains in the C-terminal portion of the protein (C, white). The Tbx20LA1110 protein is
truncated within the T-box DNA binding domain. (D-K) Expression of tbx20 in wild type
and LA1110 embryos showing the anterior dorsal view (D-I) and frontal view (J,K). In
wild type embryos, expression of tbx20 is visible as bilateral strips in the cardiac
primordia within the ALPM at the 10-somite stage (D). These strips of cells migrate
toward and fuse at the midline (F). By 24 hpf, the entire heart tube displays expression
of tbx20 (H,J). Additional tbx20 expression is present within the hindbrain at the 10somite stage (arrowhead in D), hindbrain branchiomotor neurons at the 18-somite (F)
and the primordia of the pituitary gland at 24 hpf (arrowhead in H). (E, G, I and K) In
tbx20LA1110 mutant embryos, tbx20 transcripts are dramatically reduced.
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Fig 2-4. Tbx20 overexpression rescues the cardiac defects present in tbx20
mutant embryos. (A) Diagram of the inducible activity of the tbx20-GR (glucocorticoid
receptor) fusion protein. The addition of DXS (dexamethasone) is required for the
translocation of the tbx20-GR protein into the nucleus. (B-D) Dorsal views of myl7
expression at the 16-somite stage in wild type embryos (B), tbx20 mutants (C) and
tbx20 mutants injected with tbx20-GR mRNA (D). The cardiomyocyte production defects
in tbx20 mutant embryos are substantially rescued by the injection of tbx20-GR mRNA.
(E) Schematic representation of the hsp70l:Tbx20 transgene used for tbx20
overexpression. (F-H) Dorsal views of myl7 expression at the 16-somite stage in wild
type (F), tbx20 mutant (G) and Tbx20-/-; Tg(hsp70l:Tbx20) embryos (H). (I-K) Frontal
views of myl7 expression at 48hpf in wild type (I), tbx20 mutant (J) and Tbx20-/;Tg(hsp70l:Tbx20) embryos (K). Overexpression of Tbx20 successfully restored
cardiomyocyte production in tbx20 mutant embryos.
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Fig 2-5. Tbx20 overexpression in early embryos significantly increases
cardiomyocyte number. (A-H) Dorsal views of nkx2.5, mef2ca, scl and myl7
expression in nontransgenic (A, C, E and G) and Tg(hsp70l:Tbx20) embryos (B, D, F
and H). The expression of nkx2.5 and mef2ca is upregulated in Tbx20-overexpressing
embryos at the 10-somite stage (A-D), whereas the expression of scl is similar to that of
control embryos (E,F). Similarly, myl7 expression is enhanced in Tg(hsp70l:Tbx20)
embryos at the 16-somite stage (H). (I and J) Representative confocal projections of
myl7:nucGFP hearts from nontransgenic (I) and Tg(hsp70l:Tbx20) embryos (J) at 40hpf.
(K) Graph of the number of nucGFP-positive cardiomyocytes in nontransgenic (n=8)
and Tg(hsp70l:Tbx20) embryos (n=10). Tbx20 overexpression enhanced cardiomyocyte
production. (L) Graph of the ratio of BrdU-positive cardiomyocytes to the total number of
cardiomyocytes in nontransgenic and Tg(hsp70l:Tbx20) embryos (n=7). Overexpression
of Tbx20 in early embryos promoted cardiomyocyte proliferation. Error bars indicate
standard deviations. Asterisks indicate a significant difference (**p<0.01, ***p<0.001).
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Fig 2-6. Cardiomyocyte-specific Tbx20 expression promotes cardiomyocyte
production. (A) Schematic representation of the myl7:Tbx20 transgene used for
inducible and cardiomyocyte-specific overexpression of Tbx20. The induction of Tbx20
in myl7-expressing cells is controlled by treatment with TBF (tebufenozide). (B-D)
Representative confocal projections of myl7:nucGFP hearts from TBF-treated control
embryos (B), non-TBF-treated myl7:Tbx20 injected embryos (C) and TBF-treated
myl7:Tbx20-injected embryos (D) at 2dpf. (E) Graph of the number of nucGFP-positive
cardiomyocytes in TBF-treated controls, non-TBF-treated myl7:Tbx20-injected embryos
and TBF-treated myl7:Tbx20-injected embryos. Cardiomyocyte-specific overexpression
of Tbx20 increased cardiomyocyte production. Error bars indicate standard deviations.
ns indicates no significant difference compared with control embryos (n=6, p>0.05).
Asterisks indicate a significant increase compared with control embryos (n=6,
***p<0.001)
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Fig 2-7. The increased cardiomyocyte production induced by Tbx20
overexpression is dependent on its DNA binding and transcriptional activation
domains. (A) Schematic diagram of the Tbx20-GR, Tbx20-Δtbx-GR (a T-box-defective
form of Tbx20), Tbx20-Δact-GR (a transactivation-defective form of Tbx20) and
TbxVP16-GR (a transactivation-only form of Tbx20) fusion proteins. (B-D) Tbx20-GRoverexpressing embryos treated with DXS had significantly more cardiomyocytes at
40hpf (n=6). (E-G) Tbx20-Δtbx-GR overexpression did not significantly enhance
cardiomyocyte production at 40hpf (n=6). (H-J) Overexpression of Tbx20-Δact-GR did
not significantly enhance cardiomyocyte production at 40hpf (n=6). (K-M)
Overexpression of TbxVP16-GR significantly increased cardiomyocyte production at
40hpf (n=6). Error bars indicate standard deviations. ns indicates there is no significant
difference between non-transgenic and transgenic embryos. Asterisks indicate a
significant difference (*p<0.05, **p<0.01).
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a b s t r a c t
The speciﬁcation of an appropriate number of cardiomyocytes from the lateral plate mesoderm requires a
careful balance of both positive and negative regulatory signals. To identify new regulators of cardiac
speciﬁcation, we performed a phenotype-driven ENU mutagenesis forward genetic screen in zebraﬁsh. In our
genetic screen we identiﬁed a zebraﬁsh ctr9 mutant with a dramatic reduction in myocardial cell number as
well as later defects in primitive heart tube elongation and atrioventricular boundary patterning. Ctr9,
together with Paf1, Cdc73, Rtf1 and Leo1, constitute the RNA polymerase II associated protein complex, PAF1.
We demonstrate that the PAF1 complex (PAF1C) is structurally conserved among zebraﬁsh and other
metazoans and that loss of any one of the components of the PAF1C results in abnormal development of the
atrioventricular boundary of the heart. However, Ctr9, Cdc73, Paf1 and Rtf1, but not Leo1, are required for the
speciﬁcation of an appropriate number of cardiomyocytes and elongation of the heart tube. Interestingly, loss
of Rtf1 function produced the most severe defects, resulting in a nearly complete absence of cardiac
precursors. Based on gene expression analyses and transplantation studies, we found that the PAF1C regulates
the developmental potential of the lateral plate mesoderm and is required cell autonomously for the
speciﬁcation of cardiac precursors. Our ﬁndings demonstrate critical but differential requirements for PAF1C
components in zebraﬁsh cardiac speciﬁcation and heart morphogenesis.
© 2011 Elsevier Inc. All rights reserved.

Introduction
The speciﬁcation of an appropriate number of cardiac precursors is
essential for the development of a functional heart. In vertebrates, cardiac
progenitor cells are speciﬁed from the lateral plate mesoderm (LPM) to
form a bilaterally symmetric heart ﬁeld. These precursor cells then
migrate medially and fuse at the midline. In zebraﬁsh, the fusion of the
heart ﬁeld generates a cone-like structure, which develops into a pulsatile
primitive heart tube via a process of cellular migration and rearrangement.
The size of the zebraﬁsh heart ﬁeld is regulated by both positive and
negative signals originating in the LPM and surrounding tissues (Chen and
Fishman, 2000; Yelon, 2001; Yelon et al., 2002; Zaffran and Frasch, 2002).
Inductive signals such as gata4/5/6, bmp2b, fgf8, hand2 and nkx2.5 in the
LPM push mesodermal cells toward a cardiac fate (Chen and Fishman,
1996; Holtzinger and Evans, 2007; Marques et al., 2008; Peterkin et al.,
2007; Reifers et al., 2000; Reiter et al., 1999, 2001b; Trinh et al., 2005;
Yelon et al., 2000), while RA signaling negatively regulates cardiac
progenitor production by activating the expression of hoxb5b in the limb
ﬁelds (Waxman et al., 2008). Expression of scl and etsrp in the LPM
⁎ Corresponding author at: 621 Charles E. Young Dr. South, BSRB 454, Los Angeles, CA
90095, USA. Fax: +1 310 206 3987.
E-mail address: chenjn@mcdb.ucla.edu (J.-N. Chen).
0012-1606/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2011.02.011
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anterior to the heart ﬁeld establishes the anterior boundary of cardiac
progenitors (Schoenebeck et al., 2007), while unknown signals from the
notochord establish the posterior heart ﬁeld boundary (Goldstein and
Fishman, 1998). Precise regulation of the expression of all the factors
involved in speciﬁcation of the heart ﬁeld is vitally important for the
development of a functional heart.
The PAF1 complex (PAF1C) is an RNA Polymerase II-interacting
protein complex required for the development of the heart and other
organs (Akanuma et al., 2007; Nguyen et al., 2010). The PAF1C was
originally identiﬁed in yeast, and consists of ﬁve core proteins: Paf1, Ctr9,
Rtf1, Cdc73, and Leo1. Loss of the PAF1C components Paf1 and Ctr9 in
yeast prevents transcriptional activation of the G1 cyclin CLN2, resulting in
defective cell cycle control and cell growth (Koch et al., 1999). Yeast Paf1,
Ctr9, and Rtf1 are also essential for the Set1-mediated methylation of
histone H3 lysine-4 and Paf1 and Rtf1 are additionally required for
Dot1-mediated histone H3 lysine-79 methylation (Krogan et al., 2003).
Furthermore, Paf1 is necessary for proper poly(A) site utilization of a
subset of yeast genes (Penheiter et al., 2005).
In multicellular organisms, the PAF1C is essential for numerous
signaling pathways and developmental processes. In Arabidopsis, PAF1C
proteins are important regulators of ﬂowering-time. Loss of the
Arabidopsis homologs of Paf1, Ctr9, and Rtf1 results in an early ﬂowering
phenotype because of a reduction in histone H3 lysine-4 trimethylation at
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the promoter of genes required to repress ﬂowering (He et al., 2004; Oh
et al., 2004). The Rtf1 subunit of the PAF1C also regulates the Notch
signaling pathway in Drosophila and zebraﬁsh (Akanuma et al., 2007;
Tenney et al., 2006). Loss of Rtf1 in zebraﬁsh causes a reduction in the
expression level of Notch-regulated genes in the somites, resulting in
aberrant somitogenesis (Akanuma et al., 2007) and loss of Leo1 in
zebraﬁsh produces defects in atrioventricular boundary and neural crest
development (Nguyen et al., 2010). Interestingly, mutation in zebraﬁsh
cdc73 is able to suppress the defects in erythroid gene transcription
elongation of Transcription Intermediary Factor 1gamma mutants, resulting
in a rescue of blood development (Bai et al., 2010). Lastly, Cdc73 has also
been shown to positively regulate the Wnt and Hedgehog signaling
pathways in Drosophila and mammalian cells via direct interactions with
beta-catenin and Gli proteins (Mosimann et al., 2006, 2009). However, the
function of each component of the PAF1C has not yet been evaluated
systematically in any animal model.
From our ENU mutagenesis screen for genes affecting cardiovascular
development, we identiﬁed a mutant, LA961, with a severe reduction in
cardiac cell number. Positional cloning of this mutant revealed a mutation
in the zebraﬁsh homolog of ctr9, a member of the PAF1C. Key differences
are present in the cardiac phenotypes of ctr9 and leo1 mutants, suggesting
distinct requirements for the individual proteins of the PAF1C during
cardiogenesis. By morpholino knockdown, we found that Paf1, Cdc73 and
Rtf1, like Ctr9, are important for establishing an appropriate number of
cardiomyocytes and for elongation and patterning of the primitive heart
tube. PAF1C components are not essential for the formation of LPM, but
instead regulate the speciﬁcation of LPM derivatives. Furthermore, by
transplanting Rtf1-deﬁcient cells into wild type embryos, we found that
the PAF1C plays a cell-intrinsic role in the speciﬁcation of cardiomyocytes.
Materials and methods
Zebraﬁsh and ENU mutagenesis
Zebraﬁsh colonies were cared for and bred under standard conditions.
Developmental stages of zebraﬁsh embryos were determined using
standard morphological features of ﬁsh raised at 28.5 °C (Westerﬁeld,
2000). ENU mutagenesis of Tg(kdrl:GFP)LA116 male zebraﬁsh was
performed as previously described (Nguyen et al., 2010).

mounted. Dissociated cardiac cells were photographed and counted using
a Zeiss Axiovert 200M equipped with a Zeiss Axiocam camera.

Constructs and morpholinos
The ctr9WT, ctr9 LA961, and leo1 full length cDNAs were ampliﬁed from
1 dpf wild-type embryo cDNA using Phusion polymerase (NEB) and
cloned into pCS2+myc or pCS2+3XFLAG for tagging with the Myc and
FLAG epitopes. Full length cDNA for cdc73, paf1, and rtf1 was ampliﬁed
with KOD polymerase (Novagen) and cloned into pCS2 +3XFLAG.
Plasmids were cut with NotI and SP6 RNA polymerase was used to
generate mRNA for injection.
Morpholino oligonucleotides targeting the translation initiation sites
of ctr9, cdc73, paf1, and rtf1 (ctr9MO, cdc73MO, paf1MO, and rtf1MO)
were purchased from Gene Tools, LLC and injected at dosages of 0.75 ng
(for ctr9MO), 2 ng (for cdc73MO), 1.5 ng (for paf1MO) and 0.25 ng (for
rtf1MO). Cdc73MO and paf1MO were coinjected with a p53 morpholino
(4 ng and 6.5 ng, respectively) to prevent non-speciﬁc cell death. The
sequences of the morpholinos used are as follows (from 5′ to 3′):
ctr9MO: GATTTCAATGGATCCCCGAGACATG;
cdc73MO: GAAGAACACTCAACACGTCCGCCAT;
paf1MO: CCTGCGTCTGTATGGTAGGAGCCAT;
rtf1MO: CTTTCCGTTTCTTTACATTCACCAT (Akanuma et al., 2007);
p53 morpholino: GCGCCATTGCTTTGCAAGAATTG
Morpholino efﬁcacy was tested by Western blotting to detect levels of
PAF1 complex proteins in 1 day old morpholino injected embryo lysates.
Embryos were lysed in Rubinﬁeld's Lysis buffer (20 mM Tris pH 8.0,
140 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM EGTA, 1.5 mM MgCl2,
1 mM Na3VO4, 50 mM NaF, 1 mM DTT) with protease inhibitors (Roche),
and one embryo equivalent was loaded per lane on an 8% polyacrylamide
gel. Electrophoresed proteins were transferred to a nitrocellulose
membrane. Antibodies against PAF1 complex proteins include anti-Ctr9
(1:2,500, SAB1100738, Sigma), anti-Paf1 (1:10,000, A300-172A, Bethyl
Laboratories, Inc.), anti-Cdc73 (1:5,000, C3620, Sigma), and anti-Rtf1
(1:2,000, ab70690, Abcam). Relative protein levels were determined by
densitometry measurements in Adobe Photoshop CS3 using β-actin
(1:5,000, A1978, Sigma) as a loading control.

Positional cloning
The LA961 mutation was identiﬁed in the AB background and
heterozygous carriers of this mutation were crossed to the polymorphic
WIK strain for mapping. Embryo lysis and PCR-based bulk segregant
analysis were performed as previously described (Nguyen et al., 2010).
Using the Massachusetts General Hospital microsatellite map, we found
that LA961 was linked to markers Z1239 and Z41496 on chromosome 7.
The markers generated during ﬁne mapping include 1162–5 and 395–1
and their primer sequences are as follows (from 5′ to 3′):
1162–5-F: ACTCCTGTGGGATGTGTGTG;
1162–5-R: CAAATAAATTGTATGGAACCCAAT;
395–1-F: TCAGTTTTGACATTCCTGCATC;
395–1-R: GCTGTGGTTTCATGTTCGTC.
To identify the ctr9 LA961 mutation, total RNA was isolated from 1 day
post fertilization (dpf) LA961 mutants using RNA Wiz (Ambion, Austin,
TX) and cDNA was synthesized using the Superscript II Kit (Invitrogen).
cDNA fragments were ampliﬁed with Phusion polymerase (NEB) and
cloned into pCR-Blunt II-TOPO (Invitrogen) for sequencing.
Cardiomyocyte cell counting
Tg(myl7:EGFP) transgenic (Huang et al., 2003) wild type and ctr9LA961
mutant embryos were dissociated in Ca2+-free Ringers solution and ﬂat

	
  

Whole mount in situ hybridization
Embryos for in situ hybridization were raised in embryo medium
supplemented with 0.2 mM 1-phenyl-2-thiourea to maintain optical
transparency (Westerﬁeld, 2000). Whole-mount in situ hybridization was
performed as described previously (Chen and Fishman, 1996). The
antisense RNA probes used in this study include cmlc2 (myl7), nkx2.5,
vmhc, amhc (myh6), bmp4, notch1b, tbx2b, tbx20, gata4, gata5, hand2, and
ctr9.

Antibody staining
Embryos injected with 200 pg of RNA encoding Myc-tagged zebraﬁsh
ctr9, FLAG-tagged zebraﬁsh cdc73, FLAG-tagged zebraﬁsh paf1, or FLAGtagged zebraﬁsh rtf1 were ﬁxed in 4% PFA in PBS at 75% epiboly. The ﬁxed
embryos were incubated in primary antibody (1:50 mouse anti-FLAG M2,
F1804, Sigma; 1:50 rabbit anti-Myc, 06–549, Upstate) in blocking solution
(10% goat serum in PBDT) for 2 h at room temperature followed by
detection with ﬂuorescent secondary antibodies (1:200 anti-mouse
IgG1-R, sc-2084, Santa Cruz Biotechnology; 1:200 anti-rabbit IgG-Cy5,
81–6116, Invitrogen). Nuclei were stained with DAPI (Invitrogen) and
embryos were embedded in 1% low-melt agarose and imaged on a Zeiss
LSM510 confocal microscope equipped with a 63X water objective.
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Coimmunoprecipitations
For coimmunoprecipitation analysis, 60 embryos injected with tagged
constructs were lysed using Rubinfeld's Lysis Buffer (20 mM Tris pH 8.0,
140 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM EGTA, 1.5 mM MgCl2,
1 mM Na3VO4, 50 mM NaF, 1 mM DTT) with protease inhibitors (Roche).
Binding of antibody (mouse anti-Myc 9E10, 05–419, Upstate) was
performed overnight on a nutator at 4 °C. Protein G sepharose beads
(17-0618-01, GE Healthcare) were used to pull down bound proteins.
Immunoprecipitated proteins were separated on a 7% polyacrylamide gel
and transferred to a nitrocellulose membrane for Western analysis. Mouse
anti-FLAG M2 (1:10,000, F1804, Sigma) and rabbit anti-mouse IgG-HRP
(1:20,000, 61–6020, Invitrogen) antibodies were used to detect Flagtagged proteins.
Transplantations
For experiments requiring MO treatment Tg(myl7:EGFP) donor
embryos or Tg(myl7:mCherry) recipient embryos were injected with
0.25 ng rtf1MO and 0.5 ng p53MO. Donor cells were drawn into a
glass needle by back pressure and 20–30 cells were transplanted into
high stage recipient embryos at the margin in two locations 90° from
each other. On 1 or 2 dpf recipient embryos were scored for donor cell
contribution to the heart. For imaging, 2 dpf hearts were gently
removed from the embryos and mounted in 1% low melt agarose.
Images were taken using a Zeiss LSM510 confocal microscope.
Results
Identiﬁcation of a novel zebraﬁsh cardiac mutant, LA961
In a screen for zebraﬁsh cardiovascular mutants, we identiﬁed a
novel mutant, LA961, with severe defects in the morphogenesis of the
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primitive heart tube. In wild type zebraﬁsh embryos, a beating heart
tube is visible on the left side of the body by 24 h post fertilization
(hpf). At 24 hpf, LA961 mutants lack a visible heart tube. Additionally,
LA961 mutants exhibit a slight pericardial edema and an absence of
otoliths (Fig. 1A and B). By 35 hpf, LA961 mutants develop a severely
reduced and dysmorphic heart, a complete lack of pigment cells, and a
downwardly curved body (Fig. 1F), indicating that the LA961 gene
plays a role in multiple developmental processes.
We used the cardiomyocyte marker cmlc2 (also known as myl7) to
further examine the heart phenotype in LA961 and found that these
mutants have cmlc2-expressing cells; however these cardiomyocytes fail
to elongate into a tube by 24 hpf and are instead clustered at the midline
(Fig. 1C and D). The number of cells expressing cmlc2 also appeared lower
in LA961 mutants. We directly counted the number of cardiomyocytes in
LA961 at 24 hpf by crossing this mutation into a Tg(myl7:EGFP) genetic
background and recording the number of cells expressing green
ﬂuorescent protein (GFP). We found an average of 134 GFP-positive
cells in wild type embryos at 24 hpf (n=7), whereas LA961 mutants only
possessed an average of 70 GFP-positive cells at the same developmental
stage (n=6; p=0.00006; Fig. 1E). This dramatic reduction in myl7:
EGFP-positive cells indicates that the LA961 gene is critical for generating
an appropriate number of cardiomyocytes in addition to its role in the
morphogenesis of the primitive heart tube.
The LA961 locus encodes Ctr9
We mapped the LA961 locus to an 11 centimorgan (cM) region on
chromosome 7. Using custom simple sequence length polymorphism
(SSLP) markers, we reﬁned the LA961 interval and found one marker,
1162–5, located 0.1 cM from the LA961 mutant locus (Fig. 1G). Sequencing
of the genes near this marker identiﬁed a nonsense mutation in the ctr9
gene. Overexpression of wild type ctr9 rescued the LA961 mutant
phenotype (out of 40 injected embryos generated by crossing LA961

Fig. 1. Mutation in zebraﬁsh ctr9 perturbs primitive heart tube elongation and causes a reduction in cardiomyocyte cell number. (A and B) Lateral views of 24 hpf wild type (A) and
LA961 mutant (B) embryos. LA961 mutants can be distinguished from wild type embryos based on missing otoliths (arrowhead) and pericardial edema (arrow). (C and D) Wild type
and LA961 mutant embryos analyzed for cmlc2 expression at 24 hpf. Wild type embryos have an elongated primitive heart tube (C), whereas LA961 mutants have a clump of
cardiomyocytes at the midline (D). (E) Graph of number of GFP-positive cardiomyocytes in wild type (WT) and LA961 mutant embryos. Error bars indicate standard deviations.
(F) Lateral view of wild type (top) and LA961 mutant (bottom) embryos at 35 hpf. (G) Diagram of LA961 mapping. Estimated genetic distance is in centimorgans (cM). (H) Diagram
of Ctr9WT and Ctr9LA961 proteins. Grey regions are predicted tetratricopeptide repeat domains and black regions are predicted nuclear localization domains.
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heterozygotes, none exhibited an LA961 mutant phenotype) and wild
type embryos injected with 0.75 ng of a morpholino oligonucleotide
targeting the translation start site of ctr9 (ctr9MO) exhibited phenotypes
identical to those seen in ctr9 mutants (n=80) (Supplemental Fig. 1).
Zebraﬁsh Ctr9 contains 3 putative nuclear localization signal (NLS)
domains in its C-terminal tail. The ctr9LA961 mutation eliminates the third
and the majority of the second of these NLSs (Fig. 1H). To test if this
mutation results in defective localization of the Ctr9 protein, we tagged
wild type and mutant Ctr9 protein with a Myc epitope and overexpressed
these constructs in zebraﬁsh embryos. Interestingly, we found that both
Ctr9WT and Ctr9LA961 localize to the nucleus (Supplemental Fig. 2A and B),
indicating that the ﬁnal 2 NLSs are not required for the cellular localization
of Ctr9. However, examination of endogenous ctr9 mRNA levels in
ctr9LA961 mutants by in situ hybridization revealed a dramatic reduction in
expression (Supplemental Fig. 2C and D), indicating that ctr9LA961
transcripts are likely unstable and are degraded by cellular nonsense
mediated decay mechanisms. Together these ﬁndings suggest that loss of
function of Ctr9 is causative to the cardiac and pigment defects observed in
LA961 and that the LA961 mutation may be hypomorphic.
The PAF1C is evolutionarily conserved in zebraﬁsh
Ctr9 is a member of the multi-protein PAF1C (also consisting of
Paf1, Rtf1, Cdc73, and Leo1), which was initially identiﬁed in yeast.
PAF1C proteins have been conserved through evolution, and are
present and interact with one another in Drosophila and humans
(Adelman et al., 2006; Kim et al., 2010). We questioned whether the
PAF1C was structurally conserved in the zebraﬁsh as well. Members of
the PAF1C are known to localize to the nucleus and interact with RNA
polymerase II (Mueller and Jaehning, 2002; Shi et al., 1997). We have

previously shown that zebraﬁsh Leo1 exhibits a nuclear localization
(Nguyen et al., 2010). Here we further tested whether the other
zebraﬁsh PAF1 component homologs were present in the same
subcellular compartment. We found that Ctr9, Cdc73, Paf1, and Rtf1
all localized speciﬁcally to the nucleus (Fig. 2A–D). This ﬁnding is
consistent with the localization of the PAF1C in yeast, Drosophila, and
humans (Adelman et al., 2006; Kim et al., 2010; Lin et al., 2007a,b;
Porter et al., 2005), and suggests that all ﬁve members of the putative
zebraﬁsh PAF1C can potentially physically interact.
To determine if the zebraﬁsh PAF1C homologs physically interacted,
we co-expressed different tagged PAF1 components in zebraﬁsh embryos
and performed a coimmunoprecipitation assay. We found that Paf1,
Cdc73, and Leo1 efﬁciently coimmunoprecipitated with Ctr9, but that Rtf1
did not, despite signiﬁcant levels of expressed protein (Fig. 2E). This
ﬁnding is consistent with previous studies showing that while Rtf1
coimmunoprecipitates with other PAF1 components in yeast, its
interaction with other PAF1C proteins is comparatively weaker in animals
(Adelman et al., 2006; Mueller and Jaehning, 2002; Rozenblatt-Rosen
et al., 2005; Yart et al., 2005). This implies that the PAF1C in zebraﬁsh is
similar to that of other animals, consisting of, at a minimum, Ctr9, Paf1,
Cdc73, and Leo1, and that the interaction of Rtf1 with this complex may be
too weak to detect in a standard coimmunoprecipitation assay.

The PAF1C is required for multiple steps of cardiac formation in zebraﬁsh
In addition to the ctr9 mutation, we also recently identiﬁed a mutation
in the zebraﬁsh leo1 homolog. Interestingly, the speciﬁcation of
cardiomyocytes and heart tube elongation are normal in leo1 mutants
(Nguyen et al., 2010), indicating that loss of different members of the

Fig. 2. Zebraﬁsh PAF1C components localize to the nucleus and interact with each other in vivo. (A–A″) Panel (A″) shows the colocalization of Myc-tagged Ctr9 protein (red, A) and
nuclear DAPI staining (blue, A′). (B) Flag-tagged Cdc73 (red) and DAPI staining (blue) colocalize in the nucleus. (C) Flag-tagged Paf1 (red) and DAPI staining (blue) colocalize in the
nucleus. (D) Flag-tagged Rtf1 (red) and DAPI staining (blue) colocalize in the nucleus. (E) Flag-Paf1, Flag-Cdc73, and Flag-Leo1 coimmunoprecipitate with Myc-Ctr9. Input row
shows 1 embryo equivalent of total protein lysate. IP row shows immunoprecipitated protein from 20 embryo equivalents of total protein lysate.
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PAF1C can produce different effects on the process of cardiac
development.
Because of the disparate roles played by Ctr9 and Leo1 during early
cardiac development, we investigated the functions of the zebraﬁsh
homologs of the remaining three PAF1C components, Cdc73, Paf1, and
Rtf1. We generated morpholino oligonucleotides targeting the
translation start site of each gene and conﬁrmed their efﬁcacy by
Western blotting (Supplemental Fig. 3). Using these morpholinos, we
found that knockdown of cdc73, paf1, and rtf1 resulted in a reduction
in cardiac tissue like that observed in ctr9 mutants and morphants
(Fig. 3A–E). The loss of cardiac tissue was most severe in rtf1 morphants,
with most of these embryos completely lacking cardiomyocytes
(Fig. 3E). The reduction in cardiac cell number in ctr9, cdc73, paf1, and
rtf1 morphants suggests that the PAF1C plays a critical role in the
production of an appropriate number of cardiomyocytes.
Although early cardiac development proceeds normally in leo1
mutants, our lab has previously identiﬁed a role for leo1 in the
differentiation of the atrioventricular (AV) boundary. Loss of leo1 results
in a failure to initiate expression of an AV boundary genetic program
including bmp4, versican, notch1b, and wnt2bb (Nguyen et al., 2010). We
examined the differentiation of the AV boundary in embryos deﬁcient in
the other PAF1C components to determine if the PAF1C as a whole plays
a role in this developmental process. By 2 days post fertilization (dpf),
rtf1 morphants have no detectable cardiac tissue (data not shown) and
ctr9-, cdc73-, and paf1-deﬁcient embryos have small, dysmorphic hearts.
Like wild type embryos, ctr9-, cdc73-, and paf1-deﬁcient embryos
generate a morphologically distinct ventricle and atrium separated by
an AV canal and express vmhc and amhc in a chamber-speciﬁc manner
(Fig. 4A–H). However, the expression patterns of markers for the AV
boundary are highly abnormal in these embryos. In 2-day-old wild type
embryos, bmp4 and tbx2b are strongly expressed in the myocardial cells
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at the AV boundary and sinus venosus (Fig. 4I and M). In ctr9-, cdc73-,
and paf1-deﬁcient embryos, expression of bmp4 is not concentrated at
the AV boundary (Fig. 4J–L) and tbx2b is expressed throughout the heart
(Fig. 4N–P), suggesting that the differentiation of the AV boundary is
aberrant in these embryos. In addition, we found that the cardiac
expression of notch1b, which is strongly localized to the endocardial
cells of the AV boundary in wild type embryos, was absent in the hearts
of ctr9-, cdc73-, and paf1-deﬁcient embryos (Fig. 4Q–T).
Taken together, our data show that all PAF1C components, except
for Leo1, are required for establishing appropriate numbers of
cardiomyocytes. This reduction in cardiac cell number has the potential
to induce secondary defects in later aspects of cardiac development, like
the AV boundary gene expression defects present in ctr9-, cdc73-, and
paf1-deﬁcient embryos. However, the AV boundary defects in these
morphants are very similar to those observed in leo1 mutants (Nguyen
et al., 2010), which have a normal number of cardiac cells, suggesting that
all members of the zebraﬁsh PAF1C may play an essential and speciﬁc role
in the differentiation of the AV boundary myocardium and endocardium.
Loss of PAF1C activity causes defective production and migration of
cardiac progenitors
To better understand the role of the PAF1C in early cardiac
development, we examined the speciﬁcation of myocardial precursor
cells in the LPM during somitogenesis. We analyzed the expression of
nkx2.5, a transcription factor involved in regulating the initiation of the
cardiogenic differentiation program (Chen and Fishman, 1996), which
marks a subset of myocardial progenitors (Schoenebeck et al., 2007).
In wild type embryos, the myocardial precursors are situated in
two bilateral groups at the 16S stage (Fig. 3F). By the 20S stage, the
myocardial cells in wild type embryos have completed their migration

Fig. 3. Loss of Ctr9, Cdc73, Paf1, and Rtf1 causes defects in myocardial migration, cardiomyocyte cell number, and primitive heart tube elongation. (A–E) Dorsal views of cmlc2
expression in 24 hpf wild type and morphant embryos. Wild type embryos have an elongated primitive heart tube at 24 hpf (A), whereas ctr9 (B), cdc73 (C), and paf1 (D) morphants
have a small clump of cardiomyocytes situated at the midline. Rtf1 morphants have no detectable cmlc2 expression at 24 hpf (E). (F–O) Dorsal views of nkx2.5 expression in 16S (F–J)
and 20S (K–O) stage wild type and morphant embryos. In wild type embryos, myocardial progenitors arise in the LPM, migrate towards the midline, and fuse to form a cardiac cone
(F and K). In ctr9 morphants (G and L), nkx2.5 expression is reduced and myocardial migration and fusion are delayed. Cdc73 morphants (H and M) also display delays in the
migration and fusion of the myocardial progenitors, but have relatively normal nkx2.5 expression levels. Paf1 morphants (I and N) and rtf1 morphants (J and O), like ctr9 morphants,
display reduced nkx2.5 expression and delayed migration and fusion of the myocardial progenitors. Expression of nkx2.5 in rtf1 morphants is barely detectable.
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Fig. 4. Ctr9, Cdc73, and Paf1 are required for AV boundary speciﬁcation. (A–D) Cardiac expression of vmhc in 48 hpf embryos. In wild type (A), ctr9LA961 mutant (B), cdc73 morphant (C), and
paf1 morphant (D) embryos, vmhc expression is detected primarily in the ventricle. (E–H) Cardiac expression of amhc in 48 hpf embryos. In wild type (E), ctr9LA961 mutant (F), cdc73
morphant (G), and paf1 morphant (H) embryos, amhc expression is detected primarily in the atrium. (I–L) Cardiac expression of bmp4 in 48 hpf embryos. In wild type embryos (I), bmp4
expression is detected in the myocardium of the ventricle, sinus venosus, and AV boundary (arrow). Ctr9LA961 mutant (J), cdc73 morphant (K), and paf1 morphant (L) embryos display
ventricular expression of bmp4, but have no discernable AV boundary expression. (M–P) Cardiac expression of tbx2b in 48 hpf embryos. In wild type embryos, tbx2b is expressed
by the myocardium of the AV boundary (arrow, M). Ctr9LA961 mutant (N), cdc73 morphant (O), and paf1 morphant (P) embryos instead aberrantly express tbx2b throughout the
heart. (Q–T) Cardiac expression of notch1b in 48 hpf embryos. Notch1b is expressed by the AV boundary endocardium in wild type embryos (arrow, Q), but is not expressed in the
hearts of ctr9LA961 mutants (R), cdc73 morphants (S), and paf1 morphants (T).

to the midline and fused to form the cardiac cone (Fig. 3K). In ctr9 and
paf1 morphants, the expression of nkx2.5 at the 16S stage is slightly
reduced compared to wild type embryos while the expression of nkx2.5 in
cdc73 morphants is relatively normal (Fig. 3F–I). Embryos lacking activity
of ctr9, paf1, and cdc73 have reduced or slightly reduced nkx2.5 expression
at the 20S stage, and the myocardial precursors in these embryos have
failed to fully migrate to the midline and fuse to form a cardiac cone (Fig.

	
  

3L–N). Despite this delay in migration and fusion, cardiomyocytes in ctr9-,
cdc73-, and paf1-deﬁcient embryos do reach the midline by 24 hpf (Fig.
3B–D). Remarkably, we found that expression of nkx2.5 is barely
detectable in rtf1 morphants throughout somitogenesis (Fig. 3J and O).
These results suggest that the components of the PAF1C, and especially
Rtf1, are required for the initiation of the cardiogenic program and the
timely migration of myocardial precursors to the midline.
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The PAF1C regulates the speciﬁcation of cardiomyocytes from the LPM
Because of the profound reduction in cardiac tissue and myocardial
precursors seen in PAF1C morphant embryos, we wondered if the PAF1C
was required for the formation or gene expression of the anterior lateral
plate mesoderm (ALPM), the embryonic origin of cardiomyocytes. To
determine if the ALPM was present in embryos lacking activity of PAF1C
members, we analyzed the expression patterns of several ALPM markers.
We examined the expression of hand2, which is expressed in both anterior
and posterior compartments of the LPM, and gata4 and gata5, which are
expressed in the ALPM and portions of the endoderm (Angelo et al., 2000;
Reiter et al., 1999, 2001a; Serbedzija et al., 1998; Yelon, 2001; Yelon et al.,
2000). In wild type embryos, hand2, gata4, and gata5 are expressed in the
ALPM at the 16S stage (Fig. 5A,D, and G). These genes are expressed at
similar levels in ctr9 and rtf1 morphant embryos (Fig. 5B,C,E,F,H, and I),
suggesting that the PAF1C is not required for the formation of the ALPM.
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We also examined the expression pattern of the transcription
factor tbx20 in ctr9 and rtf1 morphant embryos. Expression of tbx20 is
detected in the ALPM at early stages, and becomes restricted to
cardiac progenitors by the 15S stage (Grifﬁn et al., 2000). At the 16S
stage, we found that wild type embryos have strong expression of
tbx20 in cardiac progenitors (Fig. 5J), which occupy a domain of the
ALPM. In contrast, ctr9 and rtf1 morphant embryos have reduced
tbx20 expression (Fig. 5K and L), indicating that despite the presence
of ALPM, these embryos are defective in the process of cardiomyocyte
speciﬁcation. This is also consistent with the reduction in the
expression level of the cardiomyocyte progenitor marker nkx2.5 we
detected in PAF1C-deﬁcient embryos, and suggests that the PAF1C is
essential for the speciﬁcation of cardiac tissue from the ALPM.
To test if the earliest steps in the differentiation of mature
cardiomyocytes require PAF1C function, we examined expression of
cmlc2 at the 16S stage in PAF1C component morphants. We found that

Fig. 5. The PAF1C is required for the speciﬁcation of cardiomyocytes from the anterior lateral plate mesoderm. (A–L) Dorsal views of hand2 (A–C), gata4 (D–F), gata5 (G–I), and tbx20 (J–L)
expression in 16S stage wild type and morphant embryos. In wild type embryos, expression of hand2 (A), gata4 (D), and gata5 (G) is detected in the anterior lateral plate mesoderm. In ctr9 and
rtf1 morphants, hand2 (B and C), gata4 (E and F), and gata5 (H and I) are expressed in a domain similar to that of wild type embryos. (J–L) In wild type embryos, tbx20 is expressed by
cardiomyocyte progenitors in the ALPM (J). Expression of tbx20 is reduced in ctr9 morphants (K) and strongly reduced in rtf1 morphants (L) at the 16S stage.
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cmlc2 expression has initiated in wild type embryos at 16S, but does
not initiate in rtf1 morphants (Supplemental Fig. 4K–N). In embryos
injected with a combination of ctr9, cdc73, and paf1 morpholinos, we
noted a signiﬁcant delay in the initiation of cmlc2 expression
(Supplemental Fig. 4E and O). This indicates that in addition to the
role of Rtf1 in generating cardiac progenitors, Rtf1 and other PAF1C
components (excluding Leo1) are essential for the initial expression of the
mature cardiomyocyte marker cmlc2. These data suggest that the PAF1C
may be essential for two distinct phases of cardiac development: cardiac
progenitor cell speciﬁcation and the differentiation of mature
cardiomyocytes.
The role of Rtf1 in cardiac speciﬁcation is cell autonomous
The heart ﬁeld is patterned by signals originating both inside the LPM
and in neighboring tissues (Chen and Fishman, 2000; Yelon, 2001; Yelon
et al., 2002; Zaffran and Frasch, 2002), and therefore the activity of the
PAF1C may be required in a cell intrinsic or extrinsic manner for the
speciﬁcation of cardiac cells. To determine in which tissue(s) the activity
of the PAF1C is required we transplanted cells from rtf1 morphant
embryos into wild type embryos and vice versa and analyzed the ability of
the donor cells to contribute to the myocardium. In order to differentiate
between cardiomyocytes descended from donor or host cells, we
transplanted cells from Tg(myl7:EGFP) transgenic donors in which
cardiomyocytes express GFP (green) into Tg(myl7:mCherry) transgenic
host embryos in which cardiomyocytes express the red ﬂuorescent
protein mCherry. As a control, we ﬁrst transplanted cells from wild type
donor embryos to wild type recipients. When cells are transplanted from
one wild type embryo to another, they robustly contribute to the heart in
51% (73/144) of recipient embryos (Fig. 6A and D). Transplanted wild type
cells were frequently found in clusters and were fully functional and
integrated into the heart, displaying normal morphology and contractility
(Fig. 6A and data not shown).
On the contrary, we found that rtf1 morphant cells did not contribute
to the heart at a high frequency when transplanted into wild type hosts.
Donor rtf1 morphant cells were found in only 8% (11/133) of recipient
hearts (Fig. 6D), and unlike transplanted wild type cells, rtf1 morphant
cardiomyocytes were small and dysmorphic and did not appear to
contract (Fig. 6B and data not shown). When visualized using confocal
microscopy, it is apparent that these morphant cells are only loosely
associated with the periphery of the myocardial layer and do not fully

integrate into the heart (Supplemental Video 1). While this data shows
that the activity of the PAF1C is required within potential myocardial
precursors for their entry into the cardiogenic program, its activity may
also be required in surrounding tissues. To test this we performed a
reverse transplantation experiment, placing cells from a wild type embryo
into an rtf1 morphant host. We found that although rtf1 morphants lack
hearts at 2 dpf, wild type donor cells were able to form myocardium in
44% (68/154) of rtf1 morphant recipients (Fig. 6D). Remarkably, wild type
donor cells in 15 of these rtf1 morphant recipient embryos clustered to
form a small beating heart-like structure. Taken together, our transplantation data suggest that PAF1C activity is required cell autonomously for
the speciﬁcation of myocardial progenitors, and that activity of the PAF1C
in tissues surrounding the myocardium likely plays a lesser role in cardiac
speciﬁcation.
Discussion
The PAF1C is an RNA polymerase II-associated protein complex
consisting of ﬁve proteins: Ctr9, Cdc73, Paf1, Rtf1, and Leo1. Genetic
studies have revealed a requirement for the PAF1C in multiple biological
processes including cell cycle regulation, somite and neural crest
development, and maintenance of stem cell pluripotency (Akanuma
et al., 2007; Ding et al., 2009; Koch et al., 1999; Nguyen et al., 2010). Here
we show that the PAF1C is essential for multiple steps in the development
of the heart. All PAF1C proteins are critical for speciﬁcation of the
atrioventricular boundary of the heart, and Ctr9, Cdc73, Paf1, and Rtf1 are
required for establishing an appropriate number of cardiomyocyte
precursors by promoting the speciﬁcation of cardiac cells from the
ALPM (Fig. 7A). By transplanting cells between wild type and rtf1
morphant embryos, we found that Rtf1 functions in a cell autonomous
manner. Transplanted wild type cells were capable of organizing into a
beating structure in rtf1 morphants, whereas rtf1-deﬁcient cells fail to
incorporate into the myocardial layer when transplanted into wild type
hosts. Our ﬁndings establish the PAF1C as a key regulator of cardiac cell
fate.
We found that PAF1C activity is dispensable for formation of the ALPM,
but is required for determining the cardiogenic potential of the ALPM,
likely via regulation of the expression of a set of cardiac determinants
including nkx2.5 and tbx20. Previous studies in yeast, plants, ﬂies and
human cells have indicated critical roles of this complex in chromatin
remodeling, transcription elongation and mRNA 3′-end formation (Kim

Fig. 6. Rtf1 regulates cardiomyocyte speciﬁcation cell autonomously. (A–C) Confocal projections showing a ventral view of the heart in two day-old transplanted embryos. Wild type
donor cells contribute robustly to the heart when transplanted into wild type recipients (A), while rtf1 morphant cells exhibit limited contribution when transplanted into a wild
type recipient (B). Wild type cells are also able to generate myocardial tissue when transplanted into an rtf1 morphant host. (D) Summary of the results from transplantation
experiments showing the contribution of donor cells to the myocardium of recipient embryos.
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Fig. 7. Diagram of zebraﬁsh PAF1C form and function. (A) Cardiomyocyte progenitors
(red) are derived from the anterior lateral plate mesoderm (ALPM, blue). The ALPM
expresses markers including hand2, gata4, and gata5. The PAF1C is required for the
speciﬁcation of nkx2.5+/tbx20+ cardiomyocyte progenitors from the ALPM. (B) The
PAF1C in zebraﬁsh consists of at least 4 strongly interacting proteins: Ctr9, Paf1, Leo1,
and Ctr9. Based on the phenotypic similarities between embryos lacking Rtf1 and other
PAF1C components, we hypothesize that Rtf1 associates with the zebraﬁsh PAF1C,
albeit less strongly, as has been suggested in other studies on metazoans.

et al., 2010; Krogan et al., 2003; Oh et al., 2004; Penheiter et al., 2005;
Tenney et al., 2006; Zhang et al., 2009). Thus the PAF1C may regulate the
transcription of target cardiac genes by inﬂuencing histone modiﬁcations
or control the elongation and stability of cardiac gene transcripts. It is not
yet known which cardiogenic determinants are directly regulated by
PAF1C activity. This study paves the way for future examination of the
direct binding and epigenetic effects of the PAF1C at cardiac gene
promoters.
The reduction in cardiac cell number varied between ctr9, cdc73, paf1,
and rtf1 morphants, with the most severe defect in cardiomyocyte
speciﬁcation being observed in rtf1 morphants, which usually produced
no cardiomyocytes. Based on Western analysis, Rtf1 protein was almost
completely absent in rtf1 morphants, whereas low levels of targeted
proteins still existed in ctr9, cdc73 and paf1 morphants. This, along with
the ﬁnding that cardiac progenitor cell speciﬁcation was sensitive to the
dosage of Rtf1 suggest that the variation in cardiac speciﬁcation defects
observed among PAF1C component morphants may reﬂect different
efﬁcacies of the morpholinos used in our study. Creating mutant embryos
lacking both maternal and zygotic messages of PAF1C should provide
further insights into the effect of complete loss of PAF1C function on
cardiac development. Alternatively, the distinct cardiac phenotypes
observed among PAF1C component morphants and mutants may be
indicative of disparate roles of PAF1C proteins in heart development.
Interestingly, simultaneous knockdown of ctr9, paf1, and cdc73 with the
morpholino dosages used in our study induced a signiﬁcantly weaker
phenotype than that seen in rtf1 morphants. We have also previously
shown that leo1 mutants generate a normal number of cardiomyocytes
(Nguyen et al., 2010). These data argue in favor of the possibility that Rtf1
may play a unique role in cardiac development.
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In yeast, Ctr9, Cdc73, Paf1, Rtf1 and Leo1 form a stable complex
(Mueller and Jaehning, 2002). Our biochemical study shows that
zebraﬁsh Cdc73, Paf1, and Leo1, but not Rtf1, coimmunoprecipitate
with Ctr9. While it is possible that Rtf1 is not a component of the PAF1C
in zebraﬁsh, the abundant phenotypic similarities between rtf1
morphants and embryos deﬁcient in other PAF1C proteins lead us to
hypothesize that Rtf1 is an integral component of the PAF1C but its
interaction with other members of PAF1C is too weak to detect by
coimmunoprecipitation (Fig. 7B). This hypothesis is consistent with
earlier reports that Rtf1 fails to coimmunoprecipitate with the
Drosophila and human PAF1Cs (Adelman et al., 2006; Kim et al., 2010;
Rozenblatt-Rosen et al., 2005). Our ﬁndings suggest that a looser
association between Rtf1 and other PAF1C members is a feature that
may be conserved universally among metazoans.
Our analysis of the zebraﬁsh PAF1C reveals that while all complex
members are required in the speciﬁcation of the atrioventricular
boundary, individual PAF1C components have disparate roles in early
cardiogenesis. Loss of each PAF1C member, excluding Leo1, causes a
reduction in the number of cardiomyocytes speciﬁed from the LPM
(Nguyen et al., 2010). The mechanisms responsible for differing roles
of individual PAF1C components are not yet known. One potential
explanation is that losing individual PAF1C components may have
different effects on overall complex stability. Recent studies indicate
that loss of human Paf1 or Ctr9, but not Leo1, destabilizes the
interactions between other PAF1C members (Kim et al., 2010). This
suggests that Paf1 and Ctr9 may serve as a scaffold for the formation of
the PAF1C, and that loss of these proteins disrupts the stability of the
complex as a whole. This idea is consistent with the severe defects in
cardiogenesis noted in ctr9 and paf1 morphants compared to the later,
mild cardiac defects noted in leo1 mutants. Another plausible
explanation is that each PAF1C member mediates speciﬁc protein–
protein interactions. Indeed, individual PAF1C members have been
shown to interact with a number of different proteins involved in
transcription regulation. For example, yeast Paf1 interacts directly
with Bre1, linking the PAF1C to histone ubiquitination machinery
(Kim and Roeder, 2009). Yeast Rtf1 directly interacts with the chromatin
remodeling protein Chd1 (Simic et al., 2003). In mammalian cells, PAF1C
interacts with the Wnt and Hh signaling pathways by the direct
association of Cdc73 with beta-catenin and Gli proteins (Mosimann
et al., 2006, 2009). Therefore, the speciﬁc effects on development we
noted upon loss of individual PAF1C components could be a result of loss
of interaction with particular genes and signaling pathways important for
cardiogenesis. Further studies that map out all the interacting partners
and target genes of the PAF1C will be needed to uncover the mechanisms
by which this complex regulates speciﬁc signaling pathways and
developmental processes in vertebrates.
Supplementary materials related to this article can be found online
at doi:10.1016/j.ydbio.2011.02.011.
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Supplementary Figure 1. LA961 is a mutation in ctr9. (A–D) In contrast to wild type
embryos (A),LA961 mutant embryos at 2 dpf (B) exhibit pericardial edema, a lack of
pigmentation, and a curved body axis. Injection of 200 pg of ctr9WT mRNA rescues the
cardiac, pigment, and body axis defects ofLA961 mutants (C). Injection of 0.75 ng of
ctr9MO phenocopies the LA961 mutant phenotype (D).
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Supplementary Figure 2. Ctr9LA961 transcripts undergo nonsense-mediated
decay. (A,B) Myc-Ctr9WT (A) and Myc-Ctr9LA961 (B) both localize to the nucleus. (C,D)
Lateral views of ctr9expression in 1 day post fertilization wild type and ctr9LA961 mutant
embryos. Expression of ctr9 is very reduced in ctr9LA961 mutants (D) compared to wild
type embryos (C).
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Supplementary Figure 3. Morpholinos targeting PAF1C component genes reduce
target protein levels. (A–D) Western blots detecting PAF1C component proteins and
β-actin protein levels in uninjected control and morpholino injected embryo lysates. (A)
Ctr9 protein is reduced to 38% of control levels in ctr9MO injected embryos. (B) Paf1
protein is reduced to 43% of control levels in paf1MO injected embryos. (C) Cdc73
protein is reduced to 39% of control levels in cdc73MO injected embryos. (D) Rtf1
protein is reduced to 7% of control levels in rtf1MO injected embryos.
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Supplementary Figure 4. Specification of cardiac progenitor cells is sensitive to
Rtf1 dosage. (A–E) Dorsal views of cmlc2 expression in 24 hpf wild type and morphant
embryos. Wild type embryos have an elongated primitive heart tube at 24 hpf (A),
whereas embryos injected with 0.1 ng, 0.25 ng, and 1.5 ng of rtf1MO have no
detectable cardiac tissue (B–D). Embryos coinjected with ctr9MO, cdc73MO, and
paf1MO (3KD) have small clump of cardiomyocytes situated at the midline (E). (F–J)
Dorsal views of nkx2.5 expression in 16S stage wild type and morphant embryos. In
wild type embryos, cardiac progenitors have been specified in the ALPM (F). Injection of
rtf1MO produces a dosage-dependent effect on nkx2.5 expression. Embryos injected
with 0.1 ng rtf1MO (G) have a reduction innkx2.5 expression compared to wild type.
Expression of nkx2.5 is further reduced in embryos injected with 0.25 ng rtf1MO (H),
and absent in embryos injected with 1.5 ng rtf1MO (I). Simultaneous knockdown
of ctr9, cdc73, and paf1 does not result in a phenotype as severe as that seen
in rtf1morphants. (K–O) Dorsal views of cmlc2 expression in 16S stage wild type and
morphant embryos. Mature cardiomyocytes that express cmlc2 are beginning to be
specified as early as the 16S stage in wild type embryos (K), but are not present in 0.1
ng, 0.25 ng, and 1.5 ng, rtf1MO and 3KD morphant embryos at this stage (L–O).
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CHAPTER 4
Rtf1 drives cardiac progenitor formation
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A. ABSTRACT
While the transcriptional programs governing cardiac differentiation have been
delineated, genes that initiate the cardiac transcription program and promote cardiac
progenitor production are poorly understood. Here we present genetic evidence to show
that Rtf1 acts at the top of the hierarchy of cardiac transcription program. Rtf1 is a
component of the evolutionarily conserved RNA polymerase II-associated factor 1
complex (PAF1C) that is involved in transcriptional regulation and cotranscriptional
histone modification. Knockdown of Rtf1 inhibits cardiac differentiation in mouse
embryonic stem cells, and rtf1 deficiency suppresses the cardiac transcription program
and prevents the formation of cardiac progenitors in zebrafish and mouse embryos.
Intriguingly, overexpression of Rtf1 is sufficient to promote cardiogenic gene expression,
even in the absence of other components from PAF1C, suggesting a PAF1Cindependent role of Rtf1 in promoting cardiogenesis. Structure function analysis showed
that mutation in the DNA binding Plus3 domain of Rtf1 abolished its ability to drive
cardiac progenitor formation. Our chromatin immunoprecipitation assay demonstrated
that Rtf1 occupies the promoter regions of critical cardiac transcription factors including
Tbx20. We found that the expression of tbx20 is drastically suppressed in the absence
of Rtf1 and overexpression of Tbx20 effectively restores cardiac progenitor population in
rtf1-deficient embryos, suggesting Tbx20 as an important mediator for Rtf1’s effect on
cardiac progenitor formation. Together, our findings highlight an early and critical role of
Rtf1 in the activation of the cardiac transcription program and formation of cardiac
progenitor cells.
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B. INTRODUCTION
Cardiac morphogenesis requires a dynamic and carefully orchestrated cardiac
transcription program. Key cardiac-specific transcription factors involved in the
regulation of this program during heart development have been identified (for review
see [30, 40, 41]). However, the genetic events that initiate the cardiac gene program
and drive cardiac progenitor production are poorly understood. Recent studies have
highlighted critical and specific roles for epigenetic and transcriptional regulatory
proteins in activating the cardiac gene program and potentiating cardiogenesis [42-46].
Among these newly appreciated players is the evolutionarily conserved RNA
polymerase II-associated factor 1 complex (PAF1C).
PAF1C accompanies RNA Polymerase II through the entire open frame of
transcribed genes and it has been implicated in multiple transcriptional events including
transcriptional initiation, elongation, termination and transcription-coupled histone
modifications [47, 48]. Our previous genetic studies in zebrafish revealed an essential
role for PAF1C during heart development [46]. The PAF1C consists of five components:
Leo1, Ctr9, Cdc73, Paf1, and Rtf1. Interestingly, the PAF1C subunits have distinct roles
during cardiogenesis. Leo1 is required for the morphogenesis of cardiac chambers and
the differentiation of cardiomyocytes at the atrioventricular boundary of the heart [37].
Ctr9, Cdc73, Paf1 and Rtf1 are required for the generation of cardiomyocytes and
primitive heart tube elongation [46]. Among these, Rtf1 deficiency results in a most
severe cardiac phenotype; ablation of Rtf1 activity suppresses cardiogenic gene
expression and prevents cardiac progenitor formation, resulting in a heartless embryo
[46]. Furthermore, our transplantation studies found that rtf1-deficient donor cells could

	
  

70	
  

not contribute to the wild-type heart, while wild-type donor cells are able to form
cardiomyocytes in rtf1-deficient embryos [46]. These findings demonstrated a cell
autonomous role of Rtf1 in driving cardiac progenitor formation during cardiogenesis.
Rtf1 is a unique component of PAF1C. In budding yeast all PAF1C subunits form
a tightly associated complex; however, Rtf1 appears to be less stably associated with
the PAF1C in fission yeast, Drosophila, zebrafish and humans [46, 49-57]. Furthermore,
PAF1C-independent functions of Rtf1 have been observed. The human Rtf1 promotes
transcription elongation regardless of the presence of the PAF1C [58], and in fission
yeast, Rtf1 and other PAF1C subunits exert opposing effects on RNA Polymerase II
elongation [57]. These, together with the much more severe cardiac phenotype caused
by loss of Rtf1 in zebrafish embryos, indicate that Rtf1 might be regulating zebrafish
cardiac progenitor formation independently of the PAF1C.
Rtf1 homologs from yeast to human share a highly conserved Plus3 domain that
contains three positively charged residues [59, 60]. In yeast, the Plus3 domain is
important for the recruitment of Rtf1 to active genes [60] and an in vitro study implicated
a single-stranded DNA binding activity of the Plus3 domain [59]. However, whether the
Plus3 domain of Rtf1 is required for its role in driving cardiogenic gene expression has
not been studied before.
In this study, we provide evidence showing that similar to what has been
observed in fish, knockdown of Rtf1 prevents cardiac differentiation in mouse embryonic
stem cells, and rtf1 ablation abolishes the formation of cardiac progenitors in mice. We
found that mutations in Plus3 domain abolished Rtf1’s ability to drive cardiac progenitor
formation. Chromatin immunoprecipitation and luciferase reporter assays demonstrated
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that Rtf1 regulates the expression of critical cardiac transcription factors such as Tbx20
by binding to its promoter regions via the Plus3 domain. Furthermore, tbx20 expression
is drastically suppressed in the absence of Rtf1 and overexpression of Tbx20 effectively
restores cardiac progenitor population in rtf1-deficient embryos, suggesting Tbx20 as an
important downstream effector of Rtf1 during cardiogenesis. Together, these findings
demonstrate a critical role for the Rtf1 in driving the formation of cardiac progenitor cells
by activating the cardiac transcription program.

C. RESULTS
Rtf1 is required for cardiac differentiation in mouse ES cells
Our previous genetic studies in zebrafish discovered that knockdown of Rtf1
eliminates the entire cardiac progenitor population and prevents heart formation [46]. To
examine the requirement of Rtf1 in mammalian cardiac development, we knocked down
Rtf1 activity by transducing lentivirus carrying shRNA that targets the mouse rtf1 gene
into mouse embryonic stem cells (mESCs). A non-target (NT) shRNA lentivirus was
used as a control. Densitometry analysis on Western blots showed an approximately
70% reduction of Rtf1 in Rtf1 shRNA transduced cells (Fig 4-1A). These control and
rtf1-deficient mESCs were then differentiated using the well-established hanging drop
protocol that highly mimics in vivo development [61]. Consistent with what has been
observed in zebrafish [46], rtf1-deficient mESCs generated normal Brachyury+
mesoderm, N-CAM+ ectoderm and AFP+ endoderm (Fig 4-1B). We next examined the
expression of cardiac-specific genes using qRT-PCR analysis and found that many
cardiac genes including cardiac transcription factor Nkx2.5, ventricular isoform of the
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myosin light chain (MLC2v), myosin heavy chain 6 (Myh6), and alpha-cardiac actin
(ACTC1) were not induced in rtf1-deficient mESCs during differentiation (Fig 4-1C and
data not shown). As a consequence, the number of cardiac lineage-committed beating
EBs (cEBs) is significantly reduced by the loss of Rtf1 (94.5 ± 4.2% in control cells vs
22.8 ± 19.4% in rtf1-deficient cells, n=3) (Fig 4-1E). Interestingly, the expression of
blood cell marker CD31, endothelial marker VE-cadherin (VE-cad), and the vascular
endothelial growth factor receptor Flk1 was not affected by the loss of Rtf1 (Fig 4-1D).
Together these findings demonstrate that Rtf1 deficiency specifically affects the
induction of the cardiac genes and indicate an essential role of Rtf1 in cardiac
differentiation from mESCs.

Rtf1 is essential for mouse heart development in vivo
To investigate the role of Rtf1 in mammalian heart development, we generated
Rtf1 knockout mice. Homozygous null mouse embryos died prior to gastrulation,
indicating an essential role for Rtf1 in early embryogenesis. In order to assess Rtf1’s
role in cardiogenesis and to study the temporal requirement of Rtf1 during heart
development, we crossed Rtf1-loxP targeted mice (Rtf1fl/fl) with mice containing a
Mesp1-cre transgene. Mesp1 is expressed in almost all mesoderm-derived precursors
of the cardiovascular system [62, 63]. Mesp1 is expressed strongly in the presumptive
cardiac mesoderm at E6.5-E6.75, but its expression is rapidly downregulated after E7.5.
Ablation of Rtf1 in Mesp1+ cells leads to a dramatic reduced expression of cardiac
progenitor markers such as Nkx2.5, Tbx20 and Gata4 in E8.0 mouse embryos (Fig 42A-C). Because of this severe defect in cardiac progenitor formation, the cardiac
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morphogenetic progression is blocked in Mesp1-cre; Rtf1fl/fl mutant embryos in
comparison with the control littermates. Normally at E8.5, the heart tube in the wild type
embryo undergoes looping morphogenesis. However, at the same stage, the mutant
embryo still had a crescent-shaped heart tissue (Fig 4-2D,E). By E9.5, while a properly
looped heart tube was observed in the wild type embryo, only residual cardiac tissues
could be detected in the mutant embryos, as indicated by in situ hybridization analysis
on the expression of cardiac transcription factors Nkx2.5, Tbx20, and cardiomyocyte
structure genes MLC2a and MLC2v (Fig 4-2F-H). These findings demonstrate a critical
role for Rtf1 in mammalian heart development and highlight a conserved mechanism
involving Rtf1 in cardiac progenitor formation among vertebrates.

Rtf1 promotes cardiac progenitor formation
To assess the ability of Rtf1 to promote cardiac progenitor production, I injected
rtf1 mRNA into wild type zebrafish embryos and examined gene expression using in situ
hybridization. I found that the expression of critical cardiac genes nkx2.5, tbx20, hand2
and gata5 was elevated (Fig 4-3A-D), but the expression of markers of other
mesodermal cell lineages such as the endothelial lineage marker flk1, the hematopoietic
progenitor marker scl and the pronephric mesoderm marker pax2a (Fig 4-3E-G) were
unchanged, suggesting that Rtf1 overexpression in zebrafish specifically enhances the
production of cardiac progenitors. Intriguingly, we found that overexpression of Rtf1 in
cdc73/ctr9/paf1 triple knockdown embryos is still able to elevate nkx2.5 expression (Fig
4-4), suggesting that Rtf1 might potentiate the production of cardiac progenitor cells
through a PAF1C independent mechanism.
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Rtf1 promotes cardiac progenitor formation through its Plus3 domain
Rtf1 homologs from yeast to human share a highly conserved and putative DNA
binding Plus3 domain [59, 60]. To determine whether this domain is involved in Rtf1’s
cardiogenic effect, I created an Rtf1 internal deletion mutant Rtf1 ΔPlus3 that has a
small deletion in the Plus3 domain (Fig 4-5A). I injected mRNA encoding either wild type
Rtf1 or Rtf1 ΔPlus3 into rtf1 knockdown embryos where the expression of cardiac
progenitor markers nkx2.5 and tbx20 is suppressed (Fig 4-5B, C, F and G) and heart
tube formation is completely abolished (Fig 4-5J, K) [46]. Overexpression of wild type
Rtf1 effectively rescues cardiac progenitor formation and allows primitive heart tube
formation in rtf1-deficient embryos (Fig 4-5D, H and L). However, Rtf1 ΔPlus3 mRNA
failed to restore the cardiac progenitor population in rtf1-deficient embryos (Fig 4-5E, I
and M), indicating that the Plus3 domain of Rtf1 is essential for its ability to drive cardiac
specification.

Rtf1 is required for activating the promoters of early cardiac transcription factors
The Plus3 domain has been shown to interact with single-stranded DNA in vitro
[59], and mutations in this region prevent Rtf1 from binding to active open reading
frames [60]. To examine whether zebrafish Rtf1 directly interacts with promoters of its
downstream targets via the Plus3 domain, we performed ChIP analysis. Because of a
lack of the ChIP-grade Rtf1 antibody, we overexpressed a flag-tagged version of Rtf1
and performed anti-flag ChIP-PCR analysis. We found that Rtf1 binds to the promoter
regions of nkx2.5 and tbx20, two earliest cardiac transcription factors expressed in the
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cardiogenic region (Fig 4-6A). On the contrary, Rtf1 ΔPlus3 cannot bind to these target
regions, proving that Rtf1 interacts with its downstream genes through the Plus3 domain
(Fig 4-6A). The occupancy of Rtf1 on the promoters of nkx2.5 and tbx20, together with
the finding that the expression of nkx2.5 and tbx20 is dependent on Rtf1 activity (Fig 45C, G) [46], indicate that Rtf1 might directly regulate the expression of early cardiac
transcription factors. To test this possibility, we examined the requirement for Rtf1 in
activating the promoter activities of Nkx2.5 and Tbx20 in HL-1 mouse atrial muscle
cells. HL-1 cells transfected with Nkx2.5 (or Tbx20) luciferase reporter constructs
exhibited a descent level of luciferase activity (Fig 4-6B). However, the luciferase
activity was reduced when Rtf1 is knocked down (Fig 4-6B), indicating that Rtf1 activity
is indispensable for the activation of cardiac promoters. These findings suggest that
Rtf1 might drive cardiac progenitor formation through direct activation of the critical
cardiac transcription factors such as Nkx2.5 and Tbx20.

Tbx20 mediates Rtf1’s cardiogenic effect on cardiac progenitor formation
We have previously demonstrated an essential role for Tbx20 in driving cardiac
progenitor formation during early cardiogenesis (see Chapter 2). This, together with our
findings that Rtf1 binds to and activates the promoter of tbx20 (Fig 4-6), raise the
possibility that Tbx20 is an important mediator for Rtf1’s effect on cardiac progenitor
formation. This hypothesis predicts that overexpression of Tbx20 would restore the
cardiac progenitor population in rtf1-deficient embryos. We injected Tbx20-GR mRNA
encoding a dexamethasone (DXS)-inducible fusion protein into rtf1 morphants [20].
Induction of Tbx20 nuclear translocation with DXS in rtf1-deficient embryos elevated
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nkx2.5 expression (Fig 4-7A-C). Similarly, overexpression of Tbx20 using the
hsp70l:Tbx20 transgene partially restored the cardiac progenitor population in rtf1deficient embryos (Fig 4-7D-F). These findings support our hypothesis that Tbx20 is a
downstream effector of Rtf1 in driving cardiogenesis.
To further investigate the genetic relationship between Rtf1 and Tbx20, we
injected rtf1 mRNA into embryos collected from tbx20 heterozygous crosses. We
reasoned that if Rtf1 acts upstream of Tbx20 in driving cardiac progenitor formation,
overexpression of Rtf1 should not be able to rescue the cardiac defects in tbx20 mutant
embryos (Fig 4-8B). Indeed, we did not detect increased nkx2.5 expression in Rtf1overexpressing tbx20 mutants (Fig 4-8A-D). Taken together, these results suggest the
involvement of the Rtf1-Tbx20 pathway in cardiac progenitor formation and reveal that
Rtf1 controls cardiac progenitor formation through activating the cardiac transcription
program.

D. DISCUSSION
Rtf1 regulates cardiac transcription program and heart development
In this study, we reported that Rtf1 acts at the top of the hierarchy of vertebrate
cardiac transcriptional program. In Drosophila, loss-of-function mutations in critical
cardiac transcription factors like tinman/nkx2.5 deplete cardioblasts and abolish heart
formation [64, 65]. In vertebrates, however, a heart does form in animals lacking Nkx2.5
activity [66-68], suggesting that there might be unidentified players functioning at a
higher level of the vertebrate cardiac transcription program.
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We provided evidence showing that Rtf1 knockdown in mESCs suppresses
cardiac lineage differentiation and leads to a concomitant reduction in the formation of
beating cardiomyocytes. qRT-PCR analysis showed that the expression of cardiac
transcription factors and myofibril structure genes, such as Nkx2.5, MLC2v, Myh6 and
ACTC1 was dramatically reduced by the loss of Rtf1. However, the expression of the
blood and vascular lineage markers is not dependent on Rtf1 activity, indicating that
Rtf1 is most relevant to cardiac differentiation during early embryogenesis. We also
demonstrated that Rtf1 activity is indispensible for cardiac progenitor formation from the
cardiac mesoderm. Rtf1 ablation in Mesp1-positive pre-cardiac mesodermal cells,
caused a drastic loss of cardiac progenitor cells. Consequently, the Mesp1-cre; Rtf1fl/fl
mutant embryos have a residual patch of cardiomyocytes, and suffer from an overall
growth retardation and embryonic lethality.
The loss of cardiac progenitor phenotype observed in the Mesp1-cre; Rtf1fl/fl
mutant embryos are less severe than the phenotypes reported in previous studies on
rtf1 morpholino injected zebrafish embryos [46]. It is possible that the remaining cardiac
progenitors in the Mesp1-cre; Rtf1fl/fl mutant embryos are derived from non-Mesp1expressing cardiac precursors. Alternatively, Rtf1 protein synthesized prior to Cre
expression could contribute to the production of cardiac progenitors.

Rtf1 drives cardiac progenitor formation in a PAF1C-indepdent manner
We have previously shown that Rtf1 has a much greater impact on cardiac
progenitor formation than the other PAF1C proteins during zebrafish heart
development[46]. This, along with our finding that Rtf1 is sufficient to promote
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cardiogenic gene expression in cdc73/ctr9/paf1 triple knockdown embryos, suggest that
Rtf1 drives cardiac progenitor formation in a PAF1C-independent manner. This idea is
consistent with previous finding that Rtf1 regulates transcriptional elongation
independent of PAF1C activity [57, 58]. In addition, transcriptome-sequencing analysis
in HeLa cells identified many genes uniquely affected by Rtf1 knockdown but not by
knockdown of other PAF1C components [58]. Thus Rtf1 might preferentially regulate
transcriptional events critical for cardiac progenitor production. RNA-seq analyses to
identify genes differentially regulated by Rtf1 and other PAF1C members should provide
further insights into the unique role of Rtf1 in cardiac progenitor formation.
While Rtf1 overexpression moderately enhanced nkx2.5 and tbx20 expression,
we did not observe cardiomegaly in Rtf1-overexpressing embryos, indicating that Rtf1
alone is not sufficient to enhance cardiomyocyte production and that Rtf1 may interact
with other proteins to promote cardiogenesis. In consistent with this idea, many
epigenetic and transcription regulators exert their lineage-specific functions through
interacting with tissue-specific transcription factors [69-74]. In addition, human Rtf1
requires an “Rtf1 coactivator” to promote transcription elongation [58]. Although this
“Rtf1 coactivator” involved in the Rtf1-mediated transcription activity has not been
identified, PAF1C components have been shown to directly interact with signaling
molecules such as Gli and β-catenin to modulate critical signaling events [75, 76].
Future studies designed to identify interaction proteins of Rtf1 will provide new insights
into the communication network of Rtf1 important for heart development and will deepen
our understanding of how cardiogenesis is regulated.
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Rtf1 drives the formation of cardiac progenitor cells by activating the cardiac
transcription program
Our mechanistic studies demonstrated that the Plus3 domain of Rtf1 mediates
the interaction between Rtf1 and the promoters of critical cardiac transcription factors
such as Nkx2.5 and Tbx20, and that disruption of the Plus3 domain completely
abolished the cardiogenic activity of Rtf1. Excitingly, overexpression of Tbx20 promotes
the production of myocardial progenitor cells in rtf1 morphants, whereas Rtf1
overexpression could not rescue the cardiac progenitor defect in tbx20 mutants.
Together, our findings suggest that Tbx20 functions downstream of Rtf1 in promoting
cardiogenesis.
Tbx20 overexpression partially restored the myocardial precursor population in
rtf1 morphants. Interestingly, the expression of other cardiac transcription factors such
as nkx2.5 is also downregulated in rtf1-deficient embryos, suggesting that Rtf1 likely
functions upstream of multiple cardiac-specific transcription factors and their collective
activities drive an uncommitted cell to the myocardial fate. Therefore, future anti-Rtf1
ChIP-seq analysis is needed to identify the binding targets of Rtf1. By comparing these
target genes with the genes differentially regulated by Rtf1, we will be able to identify
the biological cardiac targets of Rtf1. Since Rtf1 acts early in the hierarchy of cardiac
regulatory network, the identification of Rtf1’s cardiac targets will advance our
understanding of the overall complex gene regulatory networks during cardiogenesis. In
addition, ChIP-seq analysis in mouse skeletal muscle cells showed a diverged Rtf1
binding profile from that of other PAF1C components [77]. Future experiments that
compare the target genes of Rtf1 and those of the other PAF1C components will
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determine whether the critical role of Rtf1 in driving cardiac progenitor formation could
be explained by its enriched occupancy at cardiac specification related genes during
cardiogenesis.

E. MATERIAL AND METHODS
Mouse ESC culture and differentiation
The E14TG2a mESCs were cultured on 0.1% gelatin covered plates without
feeder cells. The feeder-free mESCs were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 15% fetal bovine serum (FBS; Invitrogen, USA),
1% non-essential amino acids (Invitrogen), 0.1 mM β-mercaptoethanol (Sigma-Aldrich),
1% (v/v) penicillin-streptomycin-Glutamine (ThermoFisher Scientific), and 10 µg/µl
recombinant mouse leukemia inhibitory factor (LIF; Sigma-Aldrich) in a 5%
CO2 incubator at 37°C. The ESC culture medium was changed every two days. mESCs
were subcultured every 3 days using 0.25% trypsin-EDTA (Invitrogen). mESCs were
differentiated in hanging drops (600 cells/20 µL) without LIF under non-adherent
conditions. Day 5 embryoid bodies (EBs) were plated onto 0.1% gelatin covered plates.
Media was changed every two days during adherent culture.

Lentivirus transduction
To knockdown Rtf1 activity in mESCs, Rtf1 or NT (non-target) shRNA lentivirus
harboring puromycin resistance were purchased from Sigma-Aldrich. mESCs were
transduced with the indicated virus at a multiplicity of infection of 1 and selected in
1.2 µg/ml puromycin. Rtf1 shRNA knockdown efficacy was tested by Western blotting
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analysis that detected Rtf1 protein level. Antibodies used are anti-Rtf1 (ab70690,
Abcam) and anti-β-actin (A1978, Sigma). Relative protein levels were determined by
densitometry measurements using Adobe Photoshop.

Quantitative RT-PCR
Total RNA from NT and shRNA transduced EBs was extracted using TRIzol RNA
isolation reagents (ThermoFisher Scientific). cDNA was synthesized using iScript cDNA
Synthesis Kit from Bio-Rad. Real-time quantitative PCR was carried out using the
Roche LightCycler 480 Real-Time PCR System. Primers used are listed in Table 4-1.

Mouse breeding
Rtf1tm1e(KOMP)Wtsi mice with targeted, non-conditional mutation in Rtf1 obtained
from KOMP Repository were first converted into the Rtf1fl/fl mice via Flp recombination.
Female Rtf1fl/fl transgenic mice were then bred with Mesp1-cre males (kindly provided
by Dr. Atsushi Nakano) to generate conditional knockout mouse embryos. Cre and Rtf1
loxP allele genotyping primers are:
Cre-F: 5’-GTAGCTGATGATCCGAATAACTAC-3’,
Cre-R: 5’-ATCCAGGTTACGGATATAGT-3’,
LoxP-F: 5’-GACTGAGAAGGGAAATCTTTGAAAC-3’,
LoxP-R: 5’-CTAGTCCTTGAACAAGTTCAGCT-3’.
All animal studies were carried out with experimental protocols and procedures
reviewed and approved by the UCLA Institutional Biosafety Committee and Animal
Research Committee.
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Zebrafish husbandry and transgenic line
Zebrafish colonies were cared for and bred under standard conditions [35].
Developmental stages of zebrafish embryos were determined using standard
morphological features of fish raised at 28.5 °C [35]. The overexpression of Tbx20 in
hsp70l:Gal4-Tbx20-UAS-mCherry (hsp70l:Tbx20) transgenic fish and Tbx20-GR mRNA
injected fish were induced as previously described (see Chapter 2).

Whole mount in situ hybridization
Whole-mount in situ hybridization on zebrafish and mouse embryos was
performed as described previously [38] [78]. The zebrafish antisense RNA probes used
in this study include nkx2.5, tbx20, hand2, gata5, flk1, scl, pax2a and myl7. The mouse
antisense RNA probes used in this study include Tbx20 [19], Nkx2.5 [19], Gata4 [79]
and MLC2a [16].

DNA constructs and morpholinos
Full length rtf1 cDNA carrying the morpholino resistant mutations was cloned into
pCS2+3XFLAG. The Rtf1∆Plus3 construct was generated by deleting a small portion of
the Plus3 domain (amino acid 421-450). We confirmed that both Rtf1 and Rtf1∆Plus3
proteins are stably expressed by Western blotting analysis (data not shown). Plasmids
were cut with NotI and mRNA was synthesized using SP6 RNA polymerase (kit).
Morpholino oligonucleotides targeting the translation initiation sites of ctr9, cdc73, paf1,
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and rtf1 (ctr9MO, cdc73MO, paf1MO, and rtf1MO) were used as previously described
[46].

Chromatin immunoprecipitation (ChIP)
ChIP analysis was performed as described previously [80], using a monoclonal antiFLAG antibody (Sigma-Aldrich). We used chromatin lysates from uninjected, flag-Rtf1
mRNA and flag-Rtf1∆Plus3 injected zebrafish embryos at the 10-somite stage. PCR
was performed on eluted DNA, total input chromatin, for 38-40 cycles using the
following primers:
nkx2.5-F: 5’-CCAACCGGATTATCCAAGTGGATC-3’,
nkx2.5-R: 5’-GAGAGGATCCGGATGGCATTTC-3’,
tbx20-F: 5’-CATCTGGAGGTTCCTGCTGTTG-3’ ,
tbx20-R: 5’-CTGAACAAGGGTCGGATCTTCTC-3’.
Each assay was performed in triplicate to confirm positive and negative signals.

HL-1 cell culture
HL-1 cells were cultured as previously described [81]. Briefly, cells were
maintained in Claycomb Medium (Sigma-Aldrich) supplemented with 10 % fetal bovine
serum (FBS, Sigma-Aldrich), 100 µM norepinephrine (Sigma-Aldrich), 2 mM Lglutamine (FBS), and 100U/ml: 100 µg/ml streptomycin:penicillin (Life Technologies).
Cells were cultivated on dishes coated with 0.1% gelatin at 37 °C, 5 % CO2 incubator.

Luciferase reporter assay
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For luciferase assay experiments, HL-1 cells were transfected with the luciferase
reporter plasmids and siRNA using Lipofectamine 2000 (Invitrogen). Transient
transfections were performed in subconfluent cells seeded in 24-well plates using 850
ng/well of the luciferase reporter plasmid, 150 ng/well of Renilla construct, and 4ul of
30pmol siRNA, and 4µl of Lipofectamine 2000. Cells were maintained with the DNAliposome complexes for 6 hours. Luciferase activity was measured in the cell lysates
using the Dual-Luciferase Reporter Assay System (Promega). The ratio of firefly
luciferase level to Renilla luciferase level was used as a measurement of promoter
activity.

Statistics
All values are expressed as mean ± SD, unless otherwise specified. Significance
values are calculated by student's t-test unless noted otherwise.
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Fig 4-1. Rtf1 is required for cardiac development in mESCs. (A) Western blots
detecting RTF1 and β-actin protein levels showed that Rtf1 protein is significantly
reduced in Rtf1-shRNA transduced mESCs. (B) Real-time quantitative RT-PCR
analyses showed that the expression of Brachyury (mesoderm marker), AFP (endoderm
marker) and N-CAM (ectoderm marker) is not affected by loss of Rtf1. (C and D) Realtime quantitative RT-PCR analyses showed that the differentiation of cardiac lineage is
dependent on Rtf1 activity, whereas the blood and vascular lineage is not. (E) The
percentage of beating cardiac lineage-committed EBs (cEBs) generated from Rtf1shRNA transduced mESCs is significantly downregulated compared with those from
NT-shRNA transduced mESCs (94.5 ± 4.2% in control cells vs. 22.8 ± 19.4% in rtf1deficient cells, n=3). Error bars indicate standard deviations. ns indicates there is no
significant differenece between NT-shRNA and Rtf1-shRNA transduced cells. Asterisk
indicates a significant difference (*p<0.05, **p<0.01).
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Fig 4-2. Rtf1 is essential for mouse heart development in vivo. (A-C) Expression of
Tbx20 (A), Nkx2.5 (B) and Gata4 (C) by whole mount in situ hybridization demonstrated
a severe loss of cardiac progenitors in Mesp1-cre; Rtf1fl/fl mutant embryos by E8.0. (D
and E) Expression of Tbx20 (D) and Nkx2.5 (E) visualized the blocked cardiac
morphogenesis in the E8.5 mutant embryos. (F-H) Only a small amount of cardiac
tissues could be detected in the mutant embryos as indicated by the expression of
Tbx20 (F), Nkx2.5 (G) and MLC2a (H) at E9.5.
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Fig 4-3. Rtf1 promotes cardiac progenitor formation. (A-D) Whole mount in situ
hybridization on 10-somite WT and rtf1 mRNA injected zebrafish embryos showed that
the expression of nkx2.5 (A), tbx20 (B), hand2 (C) and gata5 (D) is upregulated by Rtf1
overexpression. (E-G) The expression of flk1 (E), scl (F) and pax2a (G) in Rtf1overexpressing embryos is similar to that of control embryos.
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Fig 4-4. Rtf1 promotes cardiac progenitor formation independently of PAF1C. (AC) Overexpression of Rtf1 in cdc73/ctr9/paf1 triple knockdown (3KD) embryos promotes
cardiac progenitor formation visualized by in situ hybridization of nkx2.5.
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Fig 4-5. The effect of Rtf1 on cardiac progenitor formation requires its Plus3
domain. (A) Schematic diagram of wt Rtf1 and the Rtf1 ∆Plus3 internal deletion mutant.
(B-M) Overexpression of wt Rtf1 effectively restores cardiac progenitor cells in rtf1deficient embryos and allows the formation of primitive heart tube as indicated by the
expression of nkx2.5 (B-D), tbx20 (F-H) and myl7 (J-L). Rtf1 ∆Plus3 mRNA injection
completely failed to rescue the loss of cardiac progenitor phenotype in rtf1-deficient
embryos (E, I and M).
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Fig 4-6. Rtf1 activates the promoters of early cardiac transcription factors.
(A) Anti-Flag ChIP-PCR analysis using lysates from zebrafish embryos overexpressing
flag-tagged wt Rtf1 or Rtf1 ΔPlus3. Wt Rtf1 binds to the promoter regions of nkx2.5 and
tbx20, whereas Rtf1 ΔPlus3 does not. (B) Activation of Nkx2.5-luciferase and Tbx20luciferase reporter constructs is attenuated by Rtf1 siRNA co-transfected into HL-1
cardiomyocytes.
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Fig 4-7. Tbx20 rescues the formation of cardiac progenitor cells in rtf1-deficient
embryos. (A-C) Induction of Tbx20-GR fusion protein by dexamethasone (DXS)
treatment after gastrulation (C) restored the expression of nkx2.5 expression in rtf1deficient embryos (B). (D-F) Forced expression of Tbx20 by heat shock upregulated
nkx2.5 expression in rtf1 morpholino injected hsp70l:Tbx20 transgenic embryos (F)
compared with rtf1 morpholino injected non-transgenic embryos (E).
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Fig 4-8. Rtf1 overexpression failed to rescue the loss of cardiac progenitor
phenotype in tbx20 mutants. (A-B) Tbx20LA1110 mutant embryos exhibited a severe
loss of cardiac progenitor cells (B), as indicated by reduced expression of nkx2.5. (C-D)
We injected rtf1 RNA into embryos collected from tbx20LA1110 heterozygous crosses. A
quarter of the injected embryos showed the characteristic tbx20LA1110 cardiac phenotype
(D) whereas the other three quarters of embryos displayed enhanced nkx2.5 expression
(C).
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Table 4-1. Sequences of qPCR primers.
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Gene

Primer

Sequence 5'-3'

Brachyury

Forward

TGTGAGAGGTACCCAGCTCTAAGGAA

Reverse

TATCATGGGACTGCAGCATGGACA

Forward

TGTCTGCAGGATGGGGAAAAAG

Reverse

GCCATTCTCTGCGTGAATTATG

Forward

CATCATCTGGAAACACAAAGGCCGAG

Reverse

GATCTGCAGGTAGTTGTTGGACAGGA

Forward

TGCGCTCACACCCACGCCTTTCTCA

Reverse

CCAGACGCCAGGCTACGCTGCT

Forward

ATCGACAAGAATGACCTAAGGGA

Reverse

ATTTTTCACGTTCACTCGTCCT

Forward

CACTCAATGAGACGGTGGTG

Reverse

GTGGGTGGTCTTCAGGTTTG

Forward

TGCTTCTGGAAGAACCACAG

Reverse

TCACGGACAATTTCACGTTC

Forward

GGCGGTGGTGACAGTATCTT

Reverse

GTCACTGACAGAGGCGATGA

Forward

AGGGTATCATCAAACCCACGAAGTCC

Reverse

AAGTGCTGCTCAGGTATTCGTATCGG

Forward

GCACAGTGATGCTGAACAACAAGGA

Reverse

TTTGTCCAGTGTCACCTTGGGCTT

Forward

GTCTCCTTCGAGCTGTTTGC

Reverse

GATGCCAGGACCTGTATGCT

AFP

N-CAM

Nkx2.5

MLC2v

Myh6

ACTC1

Flk1

VE-cad

CD31

Cyclophilin A
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CHAPTER 5
Rtf1 maintains cardiac structure and function
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A. ABSTRACT
Sarcomere integrity must be continuously maintained in cardiomyocytes to ensure
contractile function, however, the genetic programs controlling this process are not
completely understood. We have previously shown that the multifunctional transcription
regulatory protein Rtf1 directs cardiac progenitor formation during early cardiogenesis.
Here we report that Rtf1 is instrumental for cardiomyocyte differentiation during heart
development and is required for the maintenance of sarcomere structure and cardiac
function in adult hearts. Nkx2.5-cre mediated ablation of rtf1 in the embryonic heart
results in a small and improperly looped heart. Cardiomyocyte-specific ablation of rtf1 in
adult mouse heart results in dilated cardiomyopathy characterized by thinning of the
myocardial walls, dilation of the ventricular cavity and impaired left ventricle contractile
function. RNA-seq analysis of rtf1 knockout hearts suggests that Rtf1 is an important
regulator of the gene programs that maintain cardiac integrity and function. Similarly,
Rtf1 knockdown in neonatal rat ventricular myocytes results in downregulation of
myofibril gene expression and the breakdown of sarcomeres, as well as reduced
abundance of the transcriptional active histone mark H3K4 trimethylation. Together
these findings highlight an essential role for Rtf1 in controlling cardiomyocyte
differentiation, myofibril integrity and cardiac function, and suggest that Rtf1 maintains
sarcomere integrity through modulating the epigenetic landscape of the mature
myocardium.

B. INTRODUCTION
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The cardiac sarcomere is the ensemble of a complex and highly ordered
contractile and regulatory proteins designed for generating force. The maintenance of
the integrity and function of the sarcomeres requires precise control of the sarcomeric
gene program, however, genes that maintain this program have not been fully
understood. We have previously shown that the RNA polymerase II associated factor 1
complex (PAF1C) protein Rtf1 activates the cardiac transcription program and directs
cardiac progenitor formation. Rtf1 is continuously expressed in heart throughout
development and persists to the adulthood, raising the possibility that Rtf1 activity is
required in differentiating and mature cardiomyocytes. Many genes essential for cardiac
development acquire new sets of biological functions in the developing or adult
cardiomyocytes [2, 82-85]. Thus investigating whether Rtf1 controls a distinct set of
gene program in the mature cardiomyocytes is highly significant for cardiovascular
research.
PAF1C has been demonstrated to be involved in regulating multiple
transcriptional events including transcriptional initiation, elongation, termination and
RNA 3’ end formation [47]. The PAF1C is also required for transcription-coupled histone
modifications. Specifically, Rtf1 is required for the monoubiquitylation of H2B and the
subsequent di- and trimethylation of H3K4 and K79 [86-91], epigenetic marks
associated with and enriched on actively transcribed genes [91-93]. The significance of
Rtf1-mediated histone modification is highlighted by its broad impact on gene
expression patterns [88, 89, 94, 95]. For example, Rtf1-mediated histone modification is
required to promote the transcription of Notch target genes in Drosophila [88], and Rtf1
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facilitates the trimethylation of H3K4 on the promoters of pluripotent genes to help
maintain the pluripotency of embryonic stem cells [89].
The formation of a functional heart and the maintenance of heart function greatly
rely on epigenetic regulations. Previous studies have identified a number of epigenetic
regulators that regulate heart development. For example, ATP-dependent chromatin
remodeling BAF complex subunit Baf60c promotes transdifferentiation of non-cardiac
mesoderm into cardiac lineage [96], and cardiac-specific loss of histone deacetylases
HDAC1 and HDAC2 in mice induces dilated cardiomyopathy and cardiac arrhythmia
[97]. Many of the epigenetic regulators are also closely associated with heart diseases.
The BAF complex component Brg1 is reactivated by cardiac stresses, and induces
pathological gene expression that leads to cardiac hypertrophy in adult mouse heart
[98]. Brg1 is also activated in certain patients with hypertrophic cardiomyopathy, and its
expression level correlates with disease severity [98]. Furthermore, a number of de
novo mutations in genes involved in production, removal or reading of ubiquitination of
H2BK120 and methylation of H3K4 had been identified in congenital heart disease
(CHD) patients [99, 100]. Thus, examination of how the epigenetic regulators contribute
to the control of cardiac gene expression in the developing and adult hearts is needed
for understanding the origins of CHD.
Our genetic studies revealed a critical role of Rtf1 in controlling cardiomyocyte
differentiation, myofibril integrity and cardiac function. We found that loss of Rtf1 in the
embryonic heart leads to a small and improperly looped heart with defects in
cardiomyocyte differentiation. Cardiomyocyte-specific ablation of rtf1 in the adult mouse
hearts resulted in dilated cardiomyopathy that progressed rapidly to heart failure and
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lethality. Transcriptome profiling analysis suggests that Rtf1 is a critical regulator of the
gene program that maintains cardiomyocyte structure and function. Similarly, Rtf1
knockdown in neonatal rat ventricular myocytes results in the breakdown of sarcomeres
accompanied by the reduced abundance of H3K4me3. Furthermore, our domain
dissection analysis suggests that the histone modification function of zebrafish Rtf1 is
critical for its role in promoting cardiomyocyte differentiation and heart tube formation.
Together our findings highlight an indispensible role of Rtf1 in maintaining myofibril
integrity, and suggest a requirement of Rtf1-mediated epigenetic modulation in
regulating the gene program that maintains cardiac structure and function.

C. RESULTS
Rtf1 is required for cardiomyocyte differentiation in mammals
Genetic studies in zebrafish and mice have revealed a critical role of Rtf1 in
directing cardiac progenitor formation ([46] and Chapter 4). Cardiac expression of Rtf1
is initiated during development and persists to adulthood, suggesting an ongoing
requirement of Rtf1 activity in cardiomyocytes. To test this possibility, I conditionally
ablated Rtf1 activity in the embryonic heart using Nkx2.5-cre. Nkx2.5 expression is first
detected in the cardiac progenitors at E7.5 and is maintained throughout heart
development [101, 102]. Nkx2.5-cre; Rtf1fl/fl mutant embryos have a small and
improperly looped heart at E9.5 (Fig 5-1A, A’) compared with their control siblings (Fig
5-1B, B’). To determine whether cardiac differentiation is affected by the loss of Rtf1, we
examined the expression of cardiac transcription factor Tbx20 and sarcomere protein
MLC2v in E9.5 control and mutant embryos. At this stage, tbx20 is expressed along the
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heart tube with higher levels at the atrioventricular canal (avc), outflow tract (oft) and the
sinuatrial regions (sa) (Fig 5-1C, C’) [28], whereas the expression of Mlc2v is detectable
in the atrioventricular canal (avc) and the embryonic ventricle (lv and av) but not in the
atria (Fig 5-1E, E’) [103]. We found that the expression of both tbx20 and mlc2v is
dramatically reduced in the corresponding domains of the Rtf1 mutant hearts (Fig 5-1D,
D’, F and F’), suggesting a defect in the cardiomyocyte differentiation.
We also examined the expression of chamber myocardium-specific gene Nppa to
assess whether chamber maturation is affected in the rtf1-deficient heart. At E9.5 Nppa
is strongly expressed in the future left and right ventricles (Fig 5-1G and G’), while its
expression in the future atrial chamber is being initiated (Fig 5-1G, G’) [103].
Interestingly, we observed reduced and scattered expression of Nppa expression in the
future ventricles (Fig 5-1H, H’), but significantly upregulated Nppa expression in the
future atrial chambers of the Rtf1 mutant hearts (Fig 5-1H, H’). Together, these findings
demonstrate that Rtf1 deficiency causes a misregulation of chamber myocardiumspecific gene expression and suggest that Rtf1 controls the cardiac gene program
required for cardiomyocyte differentiation and chamber maturation.

Rtf1 is required for histone modification in NRVM
To determine whether Rtf1 activity is required in neonatal cardiomyocytes, we
used an in vitro neonatal rat ventricular myocytes (NRVM) culture system. We first
knocked down Rtf1 activity in NRVM through Rtf1 siRNA transfection; a non-target (NT)
siRNA was used as a control. We noticed an obvious change in the cell shape by two
days post transfection. While most cardiomyocytes in the control group show a typical
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rod shape (Fig 5-2A), the rtf1-deficient cells tend to extend “filopodia” like protrusions
(Fig 5-2B), indicating a remodeling of the cytoskeletal structures. Staining of sarcomere
structure protein α-actinin and F-actin in control NRVMs showed a characteristic
periodic distribution of the Z line of cardiac myofibrils (Fig 5-2C, D and E). However, this
well-organized sarcomere structure was completely disrupted in rtf1-deficient cells (Fig
5-2F, G and H), indicating an important role of Rtf1 in maintaining sarcomere structure
and cell integrity of myocardial cells.
We next examined the expression of critical cardiac sarcomere genes in rtf1deficient NRVM and found that the expression levels of myosin heavy chains Myh6 and
Myh7, ventricular isoforms of myosin light chain Mlc2v, and troponin I3, cardiac type
Tnni3 were strongly reduced (Fig 5-3A, B, C and not shown). In addition, we noted
reduced expression levels of genes encoding calcium-handling proteins and calcium
channels such as phospholamban PLN, ryanodine receptor type2 RyR2 and
calcium/calmodulin dependent protein kinase II alpha Camk2a (Fig 5-3D, E and not
shown) in rtf1-deficient NRVM. These findings suggest that Rtf1 controls a gene
program critical for maintaining cardiomyocyte structure and function in neonatal
cardiomyocytes.

Rtf1 maintains sarcomere integrity and cardiac function in vivo
Rtf1 is abundantly expressed in adult mouse hearts (data not shown). To assess
the roles for Rtf1 in adult cardiomyocytes, we specifically ablated Rtf1 activity in adult
cardiomyocytes by feeding α-MHC-mER-Cre-mER; Rtf1fl/fl mice with tamoxifen (TMX).
Rtf1fl/fl control mice showed no adverse effects of TMX treatment, but mice that lack Rtf1
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activity in cardiomyocytes exhibited decreased motor activity two weeks after the
initiation of TMX feeding and died by the end of the third week. H&E staining on paraffin
sections from the mutant heart revealed a dilation of the left ventricle cavity and thinning
of the myocardial walls after 3 weeks of TMX treatment (Fig 5-4A, B). We also
performed immunostaining of α-actinin to visualize the Z line of sarcomeres. In line with
the findings observed in Rtf1-knockdown NRVM, Rtf1 ablation results in the
disassembly of sarcomere structures and distorted and wavy myofibril architecture (Fig
5-4C, D). These histological analyses suggest that Rtf1 mutants may suffer from dilated
cardiomyopathy. We thus assessed heart function in vivo by echocardiography on
mutant and control mice and detected reduced cardiac function in Rtf1 knockout mice
one week after TMX feeding (Fig 5-5B-E). The mutant hearts could barely contract after
three weeks of TMX treatment (Fig 5-5A). The left ventricles of rtf1 mutants showed a
significant decrease in ejection fraction (%EF) (56.7±6.5% in control hearts, n=4 vs.
12.6±4.9 in mutant hearts, n=3, p<0.001) and fractional shortening (%FS) (29.4±4.1 in
control hearts, n=4 vs. 5.6±2.3% in mutant hearts, n=3, p<0.001) (Fig 5-5B, C). In
addition, both left ventricle diastolic (69.7±8.3µL in control hearts, n=4 vs. 99.0±3.8µL in
mutant hearts, n=3, p<0.01) (Fig 5-5D) and systolic volumes (30.5±8.4µL in control
hearts, n=4 vs. 86.5±3.8µL in mutant hearts, n=3, p<0.001) (Fig 5-5E) were drastically
increased in the knockout mice compared with littermate controls. The systolic volume
was increased more dramatically (~2.8 fold change) (Fig 5-5E) than diastolic volume
(~1.4 fold change) (Fig 5-5D), suggesting a more severe systolic dysfunction in rtf1
knockout hearts. Together, these results reveal an ongoing requirement for Rtf1 in
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maintaining myofibril structure and cardiac contraction and that loss of Rtf1 results in
heart failure.
To understand the molecular mechanisms underlying the cardiac phenotype in
Rtf1 conditional knockouts, we evaluated the transcriptome of rtf1-ablated
cardiomyocytes. RNA-seq analysis showed that the expression of genes encoding
sarcomere structure proteins was significantly reduced in rtf1-ablated cardiomyocytes.
These genes include atrial and ventricular isoforms of myosin light chain MLC2a and
MLC2v, myosin heavy chain 6 and 7, Myh6 and Myh7, cardiac muscle alpha actin Actc1,
troponin I3, cardiac type Tnni3 and Titin (Fig 5-6A). This downregulation of sarcomeric
genes, along with the disarray of the myofibril structure (Fig 5-4D) could at least partially
explain the compromised cardiac contractility observed in rtf1 mutant hearts. In addition,
we performed enrichment analysis of Gene Ontology terms on the 295 genes
downregulated in Rtf1 knockout hearts at an adjusted P-value of <0.01. This study
identified genes encoding lipid metabolism-related proteins, mitochondrion proteins,
calcium and potassium channels and cell cycle regulators (Fig 5-6B), all of which have
previously been shown to play important roles in adult heart function [104-107]. These
data suggest that Rtf1 controls gene programs essential for the maintenance of
sarcomere structure and cardiac function in adult hearts.

Rtf1 directs zebrafish heart tube formation through histone modification activity
It is widely acknowledged that chromatin remodeling contributes critically to heart
development and function [42, 44]. Rtf1 is required for the monoubiquitylation of H2B
and the subsequent di- and trimethylation of H3 K4 and K79 [86-91], epigenetic marks
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associated with and enriched on actively transcribed genes [91-93]. The requirement of
Rtf1 in promoting histone modification is conserved in zebrafish. Rtf1 knockdown
zebrafish embryos showed a significant reduction in the abundance of H2B
monoubiquitination, and H3K4, H3K36, H3K79 trimethylation, while the transcriptional
repressive histone mark H3K9 trimethylation is not affected (Fig 5-7).
Mutational studies in the budding yeast have identified a critical domain for Rtf1’s
histone modification activity (amino acids 62–152, hereafter referred to as the histone
modification domain (HMD)) [60, 108, 109]. The HMD domain spans the highly
conserved regions of Rtf1 from yeast, zebrafish, mouse to human. Western blotting
analysis showed a global down-regulated H3K4 trimethylation in rtf1ΔHMD injected rtf1
morphants (Fig 5-8J), indicating a requirement of HMD domain in modifying the
epigenome.
We next examined whether the critical role of Rtf1 during heart development is
dependent on the HMD domain. We found that injecting wild type rtf1 RNA into rtf1
morphants could fully restore the myocardial progenitor population (Fig 5-8B, C, D) and
allow the formation of the primitive heart tube (Fig 5-8F, G, H), providing a gain of
function assay for dissecting the functional domains of Rtf1. We then created Rtf1∆HMD,
an Rtf1 internal deletion mutant harboring a small deletion in the HMD domain (Fig 58A). Injection of mRNA encoding Rtf1ΔHMD into rtf1 morphants could fully restore the
myocardial progenitor population in rtf1 morphants (Fig 5-8E), suggesting that the HMD
is dispensable for cardiac progenitor formation. Interestingly, while ΔHMD-rescued
cardiomyocytes migrate to and fuse at the midline on time, these cells cluster at the
midline and cannot converge into a heart tube (Fig 5-8I), indicating that Rtf1 directs
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cardiomyocyte production and heart tube morphogenesis, but not cardiac fate
determination, by epigenetic modulation.

D. DISCUSSION
Rtf1 is required for myofibril integrity and cardiac function
Maintaining the sarcomere integrity in the mature cardiomyocytes is critical for
ensuring the cardiac contractile function. Here we report an indispensible role for Rtf1 in
maintaining the cardiac structure and function. Conditional knockout of rtf1 in adult
mouse cardiomyocyte caused severe cardiomyopathy, with death occurring within 3
weeks. The rtf1 mutant hearts exhibited disrupted sarcomere structure accompanied by
a rapid loss of cardiac contractility. RNA-seq analysis revealed that genes encoding lipid
metabolism-related proteins, cardiac muscle contraction-related proteins, mitochondrial
proteins, ion channels and cell cycle regulators are significantly downregulated when
Rtf1 is ablated, suggesting that Rtf1 is an important regulator of the gene program that
maintains mature cardiomyocytes structure and function.

The influence of Rtf1 on zebrafish heart tube formation requires histone
modification domain
We provided evidence showing that Rtf1 protein that lacks the histone
modification activity (Rtf1 ΔHMD) could restore cardiac progenitor population in rtf1
morphants, but the rescued cardiomyocytes clustered at the midline and could not
elongate into a tubular heart tube. Interestingly, the heart phenotype of Rtf1 ΔHMD
rescued zebrafish morphant highly resembled that observed in ctr9-, cdc73- and paf1-
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deficient embryos [46], implying that Rtf1 might be directing heart tube morphogenesis
in conjunction with other PAF1C subunits.

Rtf1 regulates histone modification in NRVM
Similar to what has been observed in adult cardiomyocyte, loss of Rtf1 in NRVM
results in the downregulation of myofibril genes and breakdown of sarcomeres. We also
noted a significant reduction in the abundance of H3K4 trimethylation (Fig 5-9),
suggesting a requirement of Rtf1 in modulating the epigenome in NRVM. This, along
with the requirement of histone modification function of Rtf1 in directing zebrafish
cardiac morphogenesis suggest that Rtf1 controls the cardiac gene program required
for cardiac structure maintenance by influencing the epigenetic landscape.
To further interrogate this hypothesis, we need to perform rescue experiments
using the ΔHMD version of Rtf1. If Rtf1 ΔHMD could not rescue the sarcomere structure
defects in rtf1-deficient NRVM while the wild type Rtf1 could, it would suggest a critical
role of Rtf1-dependent histone modification in maintaining cardiac cell integrity. To
further examine this possibility, we will perform ChIP-seq analyses on the histone mark
H2BK123ub, and marks of transcriptionally active chromatin (such as H3K4me3,
H3K36me3 and H3K79me3) and silent chromatin (such as H3K9me3 and H3K27me3)
in control and rtf1-deficient NRVM. We had performed the RNA-seq analysis on rtf1deficient NRVM. By coupling the ChIP-seq with RNA-seq datasets, we would be able to
determine whether Rtf1 regulates the gene programs required for maintaining cardiac
cell integrity through epigenetic modulation.
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In addition, knocking down other PAF1C subunits in NRVM and performing ChIPseq analyses on the histone marks in these cells should provide insights into whether
the histone modification function of Rtf1 is dependent on other components of PAF1C. If
similar epigenetic landscapes were observed between rtf1-deficient cells and cells that
lack other PAF1C components, it would support the hypothesis that Rtf1 influences
epigenetic modulation in a PAF1C-dependent manner.

E. MATERIAL AND METHODS
Mouse breeding
Male Rtf1fl/fl transgenic mice were bred with Nkx2.5-cre (kindly provided by Dr.
Atsushi Nakano) and α-MHC-mER-Cre-mER males (kindly provided by Dr. Yibin Wang)
to generate conditional knockout mouse lines. All animal studies were carried out with
experimental protocols and procedures reviewed and approved by the UCLA
Institutional Biosafety Committee and Animal Research Committee.

Whole In situ hybridization
Whole-mount in situ hybridization on zebrafish and mouse embryos was
performed as described previously [38] [78]. The zebrafish antisense RNA probes used
in this study include nkx2.5 and myl7. The mouse antisense RNA probes used in this
study include Tbx20 [19], MLC2v [16] and Nppa [16].

Hematoxylin and eosin (H&E) staining
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Adult mouse hearts were fixed in formalin before being processed for paraffinembedded sections. 5µm adult mouse heart sections were stained for Hematoxylin and
eosin following standard procedures.

Immunostaining
NRVM were fixed in 4% paraformaldehyde and permeabilized using Acetone.
Immunostaining was performed using the standard protocol. Cells were incubated with
α-actinin antibody (A7732, Sigma) overnight at 4°C. After washing with PBS, sections
were incubated with fluorescently labeled secondary antibodies and Phalloidin (B3475,
ThermoFisher Scientific) mix for 2 hours. Cells were mounted using VectaShield
fluorescence mounting medium (with DAPI), and imaged by Zeiss LSM 800 confocal
microscope.
5µm adult mouse heart paraffin sections were dewaxed before incubating with
antigen retrieval solution (Vector) at sub-boiling temperature for 10 min. Then the slides
are subjected to permeabilization and antibody staining as described above.

Echocardiogram analysis for mouse heart function
Echocardiaogram analysis was performed as previously described [110].
Specifically, a parasternal long axis and short axis view was recorded for each heart.
The short axis view was used to generate M-mode images for analysis of ejection
fraction (%EF), fraction shortening (%FS), left ventricle diastolic and systolic volumes.

RNA-seq
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RNA samples of adult left ventricles were extracted using Trizol (ThermoFisher
Scientific) and cleaned up by RNeasy Mini kit (Qiagen). Extracted RNA samples
underwent quality control (QC) assessment using the Agilent Bioanalyzer and all RNA
samples used for library preparation had an RNA Integrity Number (RIN) >9. Poly-A
library preparation performed using the TruSeq RNA Sample Preparation Kit (Illumina,
San Diego, CA). Briefly, we generated first-strand cDNA using random hexamer-primed
reverse transcription, followed by second-strand cDNA synthesis using RNase H and
DNA polymerase, and ligation of sequencing adapters. The cDNA were then amplified
by 15 cycles of PCR. The prepared libraries were then sequenced at UCLA Clinical
Microarray Core, using Illumina’s HiSeq 3000 with 7-8 samples per lane which
generated 1×50 bp single-end reads.

Western Blotting
Western Blotting analysis was performed following standard procedures. Antibodies
used including ubi-H2BK120 (5546p, cell signaling technology), H3K4me3 (ab8580,
abcam), H3K79me3 (one world lab, 46858), H3K9me3 (ab8898, abcam) and H3
(ab1791, abcam).

DNA construct and Morpholino
The Rtf1∆HMD construct was generated by deleting a portion of the HMD
domain (amino acid 216-301). The morpholino resistant wt rtf1 mRNA and rtf1∆HMD
mRNA were synthesize as described in Chapter 4. Rtf1 morpholino was used as
previously described [46].
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Zebrafish husbandry
Zebrafish colonies were cared for and bred under standard conditions [35].
Developmental stages of zebrafish embryos were determined using standard
morphological features of fish raised at 28.5 °C [35].

NRVM cell culture
NRVM were prepared by enzymatic digestion of 48 hour-old neonatal rat
ventricular tissues with collagenase (Worthington) and pancreatin (Sgima) in 1x ADS
buffer at 37°C as described previously [110]. NRVM were culture in DMEM
supplemented with 100U/mL Pen/Strep (Invitrogen) and 5% ITS (w/v) (BD
Biosciences). Lipofectamine® RNAiMAX (ThermoFisher Scientific) was used to
transfect siRNA according to manufacturer's instruction.

Quantitative RT-PCR
RNA samples of adult left ventricles were extracted using Trizol RNA isolation
reagents (ThermoFisher Scientific). cDNA was synthesized using iScript cDNA
Synthesis Kit from Bio-Rad. Real-time quantitative PCR was carried out using the
Roche LightCycler 480 Real-Time PCR System. Primers used are:
MLC2v-F: 5’-ATCGACAAGAATGACCTAAGGGA-3’
MLC2v-R: 5’ATTTTTCACGTTCACTCGTCCT-3’
Myh6-F: 5’-CACTCAATGAGACGGTGGTG-3’
Myh6-R: 5’-GTGGGTGGTCTTCAGGTTTG-3’
Myh7-F: 5’- ATGTGCCGGACCTTGGAAG -3’
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Myh7-R: 5’- CCTCGGGTTAGCTGAGAGATCA -3’
RyR2-F: 5’-TCGTGTTCACAGACGATTCC-3’
RyR2-R: 5’-CATGTGGAACATGTAACACG-3’
PLN-F: 5’- AGTGTGCACAATGTAGCTGC -3’
PLN-R: 5’- GTGTTCTGACAGTAATGACC -3’

Statistics
All values are expressed as mean ± SD, unless otherwise specified. Significance
values are calculated by student's t-test unless noted otherwise.
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Fig 5-1. Rtf1 is essential for cardiomyocyte differentiation in mouse embryos. (A,
B, A’ and B’) Nkx2.5-cre; Rtf1fl/fl mutant embryo (B, B’) exhibited a smaller and
improperly looped heart tube by E9.5, while the overall morphology appeared normal.
(C-H, C’-H’) Whole mount in situ hybridization analysis of Tbx20, MLC2v and Nppa
mRNA expression in E9.5 wild type and mutant embryos. Tbx20 (D, D’) and MLC2v (F,
F’) expression is downregulated in the mutant heart compared with the control heart (C,
C’, E and E’). Nppa expression is downregulated in future ventricles, but elevated in
future atriums (G, G’, H and H’). Views are from the right lateral side (A-H) or left lateral
side (A’-H’), with anterior up in all cases. Abbreviations: oft, outflow tract; sa, sinuatrial
region; avc, atrioventricular canal; lv, left ventricle; rv, right ventricle; ra, right atrium; la,
left atrium.
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Fig 5-2. Rtf1 maintains the sarcomere structure and cell integrity in NRVM. (A, B)
Unlike the cardiomyocytes in the control group that showed typical rod shapes (A), the
Rtf1 siRNA transfected cardiomyocytes tend to exhibit “filopodia” like protrusions (B).
(C-H) Loss of Rtf1 leads to a disruption of the cytoskeletal structures in NRVM.
Immunofluorescent staining of sarcomere structure protein α-actinin (D, G) and labeling
of F-actin by Phalloidin (E, H) showed a distribution of characteristic periodicity in the Z
line of cardiac myofibrils of the control NRVM (D, E). However, this pattern is completely
disrupted in the rtf1-deficient NRVM (F, G). C and F are images merged from α-actinin
staining (green), Phalloidin staining (red) and DAPI staining (blue).
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Fig 5-3. Loss of Rtf1 affects the expression of genes encoding myofibrillar
structure proteins, calcium-handling protein and calcium channel. (A-C) the
expression of myofibrillar genes were strongly reduced in rtf1 deficient cells, as
exampled by Mlc2v (A), Myh6 (B) and Myh7 (C). (D, E) Genes encoding calcium
channel protein RyR2 (D) and calcium-handling protein PLN (E) exhibited a trend of
downregulation.
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Fig 5-4. Adult cardiomyocyte-specific ablation of Rtf1 leads to dilated
cardiomyopathy. (A, B) H&E staining of control and rtf1 conditional knockout heart
paraffin sections at 3 weeks after TMX treatment. An enlarged left ventricle cavity and
thinning of the myocardial walls were observed in the mutant heart (B). (C, D)
Immunostaining of α-actinin on sections as A and B. Loss of Rtf1 leads to disassembly
of sarcomere structures and distorted and wavy myofibrillar cell architecture in the
mutant hearts (D). Abbreviations: LV, left ventricle; RV, right ventricle;
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Fig 5-5. Adult cardiomyocyte-specific ablation of Rtf1 impairs cardiac contractile
function. (A-E) Echocardiographic M-mode tracings (A) and measurements (B-E) from
non-TMX fed and TMX-fed control (Rtf1fl/fl) and Rtf1 conditional knockout hearts (αMHC-mER-Cre-mER; Rtf1fl/fl). (A) Non-TMX fed control and knockout hearts, and TMXfed control hearts all displayed normal and regular heart contractility. However, the
knockout hearts barely contract by the end of 21 days (3 week) TMX feeding. (B and C)
The ejection fraction (%EF) and fractional shortening (%FS) of the left ventricles of
knockout hearts started to decline after one week on TMX diet, and both showed
significant reduction by 18 days after the initiation of TMX treatment (%EF: 53.3±4.7%
in control hearts, n=4 vs. 27.3±16.6 in mutant hearts, n=4, p<0.05; %FS: 27.2±3.0% in
control hearts, n=4 vs. 12.9±8.1 in mutant hearts, n=4, p<0.05). By the end of the third
week, the TMX-fed knockout mice are dying with far lower %EF and %FS compared
with the control hearts (%EF: 56.7±6.5% in control hearts, n=4 vs. 12.6±4.9 in mutant
hearts, n=3, p<0.001; %FS: 29.4±4.1 in control hearts, n=4 vs. 5.6±2.3% in mutant
hearts, n=3, p<0.001). (D and E) Both left ventricle diastolic and systolic volumes were
increased in the knockout mice compared with littermate controls, and reached a
significantly higher level by the end of the 3-week TMX diet
(diastolic: 69.7±8.3µL in control hearts, n=4 vs. 99.0±3.8µL in mutant hearts, n=3,
p<0.01; systolic: 30.5±8.4µL in control hearts, n=4 vs. 86.5±3.8µL in mutant hearts, n=3,
p<0.001).
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Fig 5-6. Rtf1 controls gene programs essential for the maintenance of sarcomere
structure and cardiac function in mature cardiomyocytes. (A) A table showing the
downregulation of mRNAs encoding sarcomere proteins in the knockout mouse hearts
after 3 weeks on TMX diet, determined by RNA-seq analysis. (B) Bar plot for the
Enrichment Score (-log10 of the P-value) of the selected GO terms. The downregulated
genes (P<0.01) in the knockout mouse hearts after 2 weeks on TMX diet were
subjected to gene ontology analysis using DAVID.
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Fig 5-7. Rtf1 is required for histone modification in zebrafish embryos. Western
blots detecting the abundance of histone marks in uninjected and rtf1 morpholino
injected 10-somite stage zebrafish embryos. The abundance of transcriptional active
histone marks known to be dependent on Rtf1 activity, ubi-H2BK120, H3K4me3 and
H3K79mes is strongly reduced in rtf1-deficient embryos. However, the transcriptional
repressive histone mark H3K9 trimethylation is not affected in zebrafish embryos. H3
was used as a loading control.
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Fig 5-8. The histone modification domain of Rtf1 directs zebrafish heart tube
morphogenesis. (A) Schematic diagram of wt Rtf1 and the Rtf1∆HMD internal deletion
mutant. (B-E) Overexpression of Rtf1∆HMD restored nkx2.5-expressing cardiac
progenitor cells in rtf1-deficient embryos (E), as efficiently as overexpression of wt Rtf1
(D). (F-I) Overexpression of Rtf1∆HMD failed to support proper heart tube
morphogenesis in rtf1 morphants. The ΔHMD-rescued cardiomyocytes migrate to and
fuse at the midline on time, but they formed a cluster at the midline (I) instead of a linear
heart tube (F, H). (J) Western blotting analysis confirmed that the mutation in Rtf1 HMD
domain abolished its ability to rescue the abundance of H3K4 trimethylation in rtf1
morphants, H3K9 trimethylation was used as a loading control.
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Fig 5-9. Rtf1 is required for histone modification in NRVM. Western blots detecting
the abundance of H3K4me3 and H3 showed that the H3K4me3 protein level is strongly
downregulated in Rtf1 siRNA transfected NRVM samples.
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CHAPTER 6
CONCLUSIONS
Cardiac morphogenesis and function requires the precise regulation of various
signaling events and the cardiac transcriptional program [30, 40, 41]. Recent studies
have revealed an additional layer of epigenetic and transcription regulation that
contributes to the tight temporal and spatial control of the expression of cardiac genes
essential for cardiac development and function [42-46]. To better understand the
molecular mechanisms regulating cardiac development and function, I have focused on
studying the novel functions of a cardiac transcription factor Tbx20 and an epigenetic
and transcription regulatory protein Rtf1 in the developing and mature cardiomyocytes.
My studies uncover novel mechanisms regulating cardiac morphogenesis and function
that may lead to a better understanding of human cardiac development and disease.

A. TBX20 DRIVES CARDIAC PROGENITOR FORMATION AND CARDIOMYOCYTE
PROLIFERATION IN ZEBRAFISH
We identified a zebrafish tbx20 null mutation that caused a severe cardiac defect.
Tbx20 is a T-box transcription factor that is expressed in cardiac progenitors and
persists throughout heart development [10-13]. In flies, Tbx20 activity is indispensible
for driving cardiac progenitor formation [14]. However, the requirement of Tbx20 in
vertebrate cardiac progenitor formation has been unclear. We found that in our
zebrafish tbx20 null mutant, the cardiac progenitor population is severely reduced, as
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evidenced by dramatic downregulation of the expression of two of the earliest cardiac
transcription factors nkx2.5 and mef2ca. Interestingly, despite the severe defect in
cardiomyocyte production present in tbx20-deficient zebrafish embryos, the remaining
cardiomyocytes are able to migrate and fuse medially to form the cardiac cone, which
later elongates into a linear heart tube within the same timeframe as their wild type
siblings, suggesting that zebrafish Tbx20 activity is dispensable for cardiomyocyte
migration and primitive heart tube elongation. In the future, by combining the loss of
Tbx20 with that of other factors involved in cardiac progenitor formation, we will be able
to determine the threshold of the number of cardiomyocytes needed to drive formation
of the cardiac cone and linear heart tube during heart morphogenesis.
Overexpression of Tbx20 results in cardiomegaly with significantly more
cardiomyocytes. Interestingly, Tbx20 expands cardiomyocyte production through
enhancing both cardiac progenitor cell formation and cardiomyocyte proliferation. Our
structure-function analysis showed that this cardiac expansion effect of Tbx20 is
dependent on its T-box and transcription activation domains. Together, our findings
highlight a previously unappreciated role for Tbx20 in promoting cardiac progenitor
formation in vertebrates and reveal a novel function for its activation domain in cardiac
cell proliferation during embryogenesis. The cardiomyocyte de-differentiation and
proliferation is a prerequisite for zebrafish adult heart to fully regenerate following injury
[111]. This, along with the finding that Tbx20 expression is reactivated in the
regenerating adult zebrafish heart [24, 34], points to the intriguing possibility of the
involvement of Tbx20 during heart regeneration. Future studies on the requirement of
Tbx20 during zebrafish heart regeneration will provide new insights into the molecular
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mechanisms underlying heart regeneration and may help with the development of new
therapeutic strategies for heart disease patients.

B. RTF1 DRIVES CARDIAC PROGENITOR FORMATION THROUGH ACTIVATING
THE CARDIAC TRANSCRIPTION PROGRAM
Our genetic studies in fish and mouse models demonstrate that Rtf1, a
multifunctional component of the PAF1C involved in transcriptional regulation and
epigenetic modulation, acts at a very early step in the hierarchy of cardiac transcription
program. Loss of Rtf1 in zebrafish embryos prevented cardiac progenitor formation and
resulted in a “heartless” embryo [46]. Similarly, knockdown of rtf1 impeded cardiac
differentiation in mouse stem cells, and rtf1 ablation inhibited the formation of cardiac
progenitors in mouse embryos, suggesting that Rtf1 is involved in controlling a
conserved gene program that promotes vertebrate cardiogenesis.
Our and others’ studies have highlighted distinct roles of different subunits of
PAF1C in various biological processes [57, 58, 77]. We found that loss of Ctr9, Paf1 or
Cdc73 resulted in a very similar cardiac phenotype where the cardiac progenitor cell
population was mostly unaffected, but the number of differentiated cardiomyocyte was
significantly reduced and these remaining cardiomyocytes failed to form a linear heart
tube on time [46]. These findings highlight a unique and essential role of Rtf1 in
regulating cardiac progenitor formation.
While Ctr9, Paf1 and Cdc73 are tightly associated with each other biochemically,
Rtf1 is not stably associated with the PAF1C and PAF1C-independent functions of Rtf1
have been reported [46, 49-52, 54, 57, 58]. Our evidence demonstrated that Rtf1 is still
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able to enhance cardiac progenitor formation in the absence of other PAF1C
component, suggesting a PAF1C-indepdent role of Rtf1 in driving cardiac progenitor
formation. A mutational study in human Rtf1 revealed that the highly conserved and
putative DNA binding Plus3 domain of Rtf1 is critical for its PAF1C-independent
transcriptional activation activity [58]. We found that mutations in the Plus3 domain of
zebrafish Rtf1 disrupted its DNA binding activity and abolished its ability to drive cardiac
progenitor formation. Using a candidate approach, we identified Tbx20 as one of the
binding targets of Rtf1. Interestingly, tbx20 expression is drastically suppressed in rtf1deficient zebrafish embryos and overexpression of Tbx20 effectively restores cardiac
progenitor population, indicating that Tbx20 is one of the important mediators for Rtf1’s
effect on cardiac progenitor formation.
Given that loss of Rtf1 affects the expression of many other genes essential for
cardiac development and Tbx20 overexpression could only partially restore the
myocardial precursor population in rtf1 morphants, we hypothesize that Rtf1 likely
functions upstream of the cardiac transcription program and the collective activity of its
target genes drives the uncommitted cells to the myocardial fate. Future anti-Rtf1 ChIPseq analysis is needed to identify the binding targets of Rtf1. By comparing these target
genes with the genes differentially expressed upon Rtf1 depletion and overexpression,
we will be able to identify the biological cardiac targets of Rtf1. In addition, by comparing
the binding sites of Rtf1 and those of the other components of the PAF1C in future
studies, we will be able to determine whether the unique requirement of Rtf1 during
early cardiogenesis is because of its enriched occupancy at cardiac specification related
genes. Alternatively, the differential function of RTF1 and other PAF1C components
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might be dependent on processes after they are recruited to target genes. In that case, I
may not be able to detect an enrichment of Rtf1 binding at cardiac specific genes, and I
will instead be focusing on identifying Rtf1-interacting partners and also the effect of
Rtf1 deficiency on Pol II occupancy to better understand the mechanisms by which Rtf1
regulates early cardiogenesis in vertebrates.

C. RTF1 REGULTAES CARDIOMYOCYTE DIFFERENTIATION AND MAINTAINS
SARCOMERE INTEGRITY AND CARDIAC FUNCTION
I reported that Nkx2.5-cre mediated conditional knockout of rtf1 in the developing
mouse embryos results in a smaller and improperly looped heart. Gene expression
analysis revealed downregulation of cardiac transcription factor Tbx20 and sarcomere
gene MLC2v, and misexpression of chamber-specific gene Nppa in the rtf1-deficient
hearts, suggesting that beside its critical requirement for early cardiogenesis, Rtf1 is
playing an ongoing and important role in regulating cardiomyocyte differentiation. In
addition, I found that cardiomyocyte-specific ablation of rtf1 in adult mice results in
dilated cardiomyopathy characterized by thinning of the myocardial walls, dilation of the
ventricular cavity and impaired left ventricle contractile function. Transcriptome profiling
analysis revealed downregulation of genes encoding lipid metabolism-related proteins,
myofibrillar proteins, mitochondrial proteins and ion channels, suggesting that Rtf1
controls gene programs essential for the maintenance of sarcomere structure and
cardiac function in mature cardiomyocytes.
Our previous domain dissection analysis in zebrafish embryos showed that
mutations in the DNA binding plus3 domain of Rtf1 completely abolished its ability to
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rescue the cardiac progenitor defects in rtf1 morphants. Intriguingly, I found that Rtf1
mutant deficient in histone modification function (Rtf1∆HMD), on the other hand, almost
fully restored the cardiac progenitor population in rtf1 morphant, but could not rescue
the cardiomyocyte production or support heart tube morphogenesis. This cardiac
phenotype in Rtf1∆HMD rescued embryos is highly similar to that caused by loss of
Ctr9, Paf1 or Cdc73, other members of the PAF1C. This, along with the involvement of
other PAF1C components in influencing histone modification [86, 87, 90], led us to the
thought that Rtf1 directs heart tube morphogenesis through epigenetic modulation, in
conjunction with other PAF1C subunits.
To determine whether Rtf1 maintains myofibril integrity and cardiac function by
modulating cardiac epigenetic landscapes, I used an in vitro NRVM culture model.
Similar to what has been observed in adult cardiomyocytes, rtf1 knockdown in neonatal
rat ventricular myocytes results in the breakdown of sarcomeres and downregulation of
myofibrillar gene programs. Interestingly, the abundance of H3K4 trimethylation is
strongly reduced in rtf1-deficient NRVM. Future rescue experiments using ∆HMD
version of Rtf1 will determine whether the Rtf1-dependent histone modification is
required for it role in maintaining cardiac cell integrity. In addition, by knocking down
other PAF1C components in NRVM will help confirm whether the histone modification
function of Rtf1 is dependent on other components of PAF1C. Together I demonstrate
that Rtf1 controls cardiomyocyte maturation, myofibril integrity and cardiac function, and
I established an in vitro NRVM culture system for studying the influence of epigenetics
modulation on cardiac cell integrity.
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D. SUMMARY
In summary, my work has revealed novel mechanisms regulating the
development of the vertebrate heart. First, I found that Tbx20 drives cardiac progenitor
formation and cardiomyocyte proliferation in zebrafish. Second, I found that Rtf1
regulates heart development via its Plus3 and HMD domains independently: Rtf1
promotes cardiac progenitor cell formation at the onset of cardiogenesis by activating
the cardiac transcription program through its DNA binding Plus3 domain, and Rtf1
directs heart tube morphogenesis through modulating the epigenetic landscapes. Lastly,
Rtf1 is continuously required for maintaining cardiac structure and function in mature
cardiomyocytes. Following studies on these projects will continue to expand our
understanding of the molecular mechanisms regulating cardiac development and
function and will eventually lead to new therapies for human disease.
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